PHYSICAL REVIEW B, VOLUME 64, 014103

Origin of anomalous line shape of the lowest-frequenc;(TO) phonon in PbTiO4
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The origin of the anomalous line shape of tAg(1TO) soft mode in PbTi@based single crystals was
investigated by polarized Raman-scattering method over a wide range of temperature between 100 and 700 K.
Detailed scattering data indicated that the previously proposed anharmonicity model could not properly explain
the anomalous behavior of the lowest-frequency subpeak AA1tETO) mode that was primarily responsible
for the phonon softening of the undoped PbJiBurther Raman studies of Ba-doped PbJ#dystals showed
that the Ba-impurity peak that dominated the soft-mode transition also had thenmetry of the PbTiQhost
lattice. A careful comparison of these two distinct peaks having the sam&mmetry indicates that the
observed anomalous line shape of kg 1TO) mode is caused not only by the lattice anharmonicity but also
by some lattice defects. Particularly, the lowest-frequency subpeak 8f {i§O) mode is not directly related
to the anharmonicity but originates from the existence of thermodynamically unavoidable lattice defects in
PbTiO;.
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I. INTRODUCTION tion for the asymmetry of its line shape.

The first explanation for the complex line shape of the

Lead titanate (PbTig) has been widely studiéd?* dur-  A;(1TO) mode was given by Foster and co-workets.
ing last few decades be_cause of its importance in science arthey reported the direct observation of all Raman active

technology. It has relatively a simple structure among manyhonons of PbTi@ including theA;(1TO) mode phonon.
perovskite-based ferroelectrics and shows a typical displarheir assignment of tha;(1TO) mode was the same as that
cive transition character. Therefore, lead titanate has beeg Fontanaet al® They attributed the anomalous line shape
regarded as a model system for the study of displacive ferrgst the A, (1T0) mode to the anharmonic nature of the effec-

electric transitions. In addition, it is an important constituentj,e interatomic potentidll® Their assignment of the
of lead-based complex perovs_kn[ecsg., Pb(Zr,Tl)Q_; PZT] A1(1TO) mode, however, is different from that of Burns and
that are extremely important in modern electronic teChmI'Scottl'7 According to the assignment of Foster and co-

0gy. -
Lead titanate undergoes a cubic-to-tetragonal phase trar\{\{orkers, the energy of the, (1TO) mode is hlghg r than 'that
sition at 763 K! Although there exist some controversial of the lowest-frequencyE-symmetry longitudinal-optical

arguments over the nature of phase transifian, displacive [E(lLQ)] mode at room temperature. Since the(1T0)
versus order-disorder transitiph® PbTiO; has long been mode is the soft mode, these tle-0 modes should cross at

regarded as a typical ferroelectric system that undergoes glevated temperatures. Hoyvever, their study was r'estrlcted to
displacive transition with underdamped soft phonbiiiese 400 K, and, thus, the high-temperature behavior of the
soft modes have been studied by Raman scattefifgand ~ A1(1TO) phonon could not be observed.

neutron scatterinﬂf. Recently, the high-temperature behavior of thg1TO)

The first detailed study on the Raman scattering of singlephonon of single-crystal PbTiOwas examined by Cho and
crystal PbTiQ was made by Burns and Scdtt.They had Jang*' They observed the mode crossing between the
assigned all the Raman active modes of tetragonal perovski#;(1TO) phonon and th&(1LO) phonon and the softening
PbTiO; and observed the softening behavior of the lowestbehavior of theA;(1TO) mode directly. The observed cross-
frequencyE-symmetry transverse-opticelE(1TO)] phonon ing behavior clearly supported the assignment of the
that drives a displacive ferroelectric phase transition. HowA;(1TO) andE(1LO) modes that had been originally sug-
ever, the lowest-frequenci;-symmetry transverse-optical gested by Foster and co-workér®. However, the high-
[A;(1TO)] phonon could not be directly observed. They de-temperature behavioffor T>400 K) of the A;(1TO)
termined the frequency of this mode by fitting the angularphonort! strongly deviated from the anharmonicity model
dependence of the oblique phonon spedtwith k at 45°  proposed by Fosteet al®!° Therefore, further systematic
betweena and c axis) using Merten’s relation. This fitting study is needed to clarify the origin of this anomalous be-
demonstrated the expected soft-mode behavior of theavior of theA;(1TO) soft mode that is primarily respon-
A1(1TO) phonon. sible for the cubic-tetragonal displacive transition.

The first mode assignment of thg (1TO) phonon was In this study, we have systematically investigated the ori-
suggested by Fontana and co-workefBhey assigned the gin of the anomalous line shape of tAg(1TO) phonon at a
anisotropic peak located around 148 chas theA;(1TO)  high-temperature regionT&400 K) by reexamining the
phonon because it rigorously follows the selection rules ofanharmonicity model and by carefully comparing the impu-
Raman scattering. However, they did not give any explanarity vibration mode of Ba-doped PbTiCcrystals with the
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lowest-frequency subpeak of th&;(1TO) mode of pure
PbTiO;. It is concluded that the lowest-frequency subpeak of
the A;(1TO) mode that dominates the phonon softening of
the undoped PbTiQis not related to the anharmonicity in
the normal mode vibration but originates from some thermo-
dynamically unavoidable lattice defects.

k//a, x(zz)x — 300K

II. EXPERIMENTAL

Intensity (Arb. Unit)

Pure and Ba-doped PbTiGsingle crystals used in this
study were grown by the PbO flux meth&dThe flux com- e
position was 80 at.% PbO-20 at.% TiOand a small S
amount of BaC@ was added to the starting flux for the 5 75 100 125 150 175 200
growth of Ba-doped crystals. Regardless of the Ba content, .
the temperature range of the growth was between 1343 and Raman Shift (cm)

1173 K. The cooling rate was 1 K/hr. The Ba contents of the

grown crystals were evaluated using the inductively coupleq)\l(lTo) mode of the pure PbTiOsingle crystal. All the spectra

plasma(ICP) wet chemical analysis. Both pure PbTEi@nd btained i backscatteri t
0.7, 1.3, 3.8 at. % Ba-doped single crystals were successfull‘ﬁ‘fere obtained ix(z2)x backscattering geometry.

grown using this flux method. to its neighboring quantum state. Therefore, the first subpeak

Both undoped and Ba-dopeq single crystals_; ha_d brighfhat has the highest frequency among the four subpeaks cor-
yellow color and were platelet in their shape with final di- responds to the transition from=0 to n=1 in the vibra-

mensions of about 2mm3mmx 1mm. Crystallographic di- tjona) quantum states. Similarly, second, third, and fourth

frectlpns _c;fhthelgtrO\]ivn Cryﬂﬁl were deterr?nlned by x—raé/ %'ft'subpeaks, respectively, correspond to the transition from
raction. The plate face of the grown crystal corresponded tQ_y "y, \\ 5 fomn=2 ton=3, and fromn=3 ton=4 in

the (001 plane of t_he tetragonal strl_J_cture, and the Otherthe vibrational states. This labeling of tiAdg subpeaks is in
faces were(lOO)-famny planes. In addmon,_ as-grown Crys- -,ntrast with our previous labelifig.However, we believe
tals had a few twins and na‘gural 90 domams at edge €910 Rat this new labeling gives a better readability with less
but they were not poled. Since the spatial resolution of th%onfusion

present Raman system was sufficiently high50 um), a Foster and co-worket<® used the following relation to

smgle—do'malln spectrum could be rea‘j'"y obt{;uned Wlthol.”theoretically estimate the relative intensiRyof the transition
the polarization leakage caused by 90° domains even us'”@“;tokes) from leveln to n+ 1 to that from level O to 1:
unpoled crystals. '

Raman-scattering data were obtained using a NRS2100 —nho
Raman spectrometddASCO, Japanthat adapted a triple R=(n+ 1)exp( T
monochromator. A Coherent Innova 90C Ar laser operating B
at 5145 A was used as a light source. The spectral resoluyhere kg is Boltzmann’s constants, and is the phonon
tion was 1 cm'. For measurements over a wide range offrequency in the vibrationally ground state. Using E8}1),
temperature, a temperature control system supplied by MMRhey successfully analyzed the intensities of thg1TO)

FIG. 1. The temperature dependence of Raman spectra for the

; (3.1

Tech.(U.S.A) was employed. phonon up to 400 K. Following this studgb initio compu-
tational results in the mean-field approximation were
lll. RESULTS AND DISCUSSION presented™® However, there were some discrepancies be-

) tween the experimentally obtained intensities and the com-
A. A1(1TO) mode of pure PbTIO; crystal putational results for thé,(1TO) subpeaks.

Figure 1 shows the polarized Raman spectra of the The most prominent feature of Fig. 1 is a strong intensity
A1(1TO) mode of the pure single-crystal PbTEi@t various transfer toward the lowest-frequency subpeak above 400 K.
temperatures ranging from 300 to 700 K. All the spectraThus, the high-temperature line shape of £3¢1TO) mode
were obtained ix(z2)x backscattering geometry and were is dominated by the lowest-frequency subpeak. Since this
normalized with their integrated peak areas. From Fig. 1, it isstrong intensity transfer is not expected from Ej1), there
apparent that thé;(1TO) mode has a complex line shape, should be some discrepancies between the measured data and
composed of four subpeaks. The origin of this anomalougq. (3.1 for temperatures above 400 K.
line shape of theA;(1TO) mode was explained earlier by  Figure 2 showsga) the fitting result of the intensity of the
Fosteret al®° They advocated that;(1TO) mode had a A;(1TO) mode at 300 K antb) the temperature dependence
double-well potential in the ferroelectric state and the anharef the relative intensity of the lowest-frequency subpeak (
monicity of the double-well potential was the origin of the =3 ton=4) to the first subpeakn=0 ton=1). Each sub-
observed subpeak structure for temperatures up to 400 Kaeak was assumed to have an independent Lorentzian line
According to this anharmonicity model, thg (1TO) mode shape. It is clear from Fig.(2) that theA;(1TO) peak con-
consists of four distinct subpeaks, and each subpeak corrsists of four distinct subpeaks. The complex line shape
sponds to the vibrational transition from one quantum stat@urely originates from theé\;(1TO) mode, except for the
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= _ can further be written & H' =ie#/mA-V, whereA is the
= ®  Experimental . .
) Fitting results vector potential. Now, the matrix element can be expanded
s using this expression dfi’.
[
z
g HY Iy = h o d
£ /o (mH'[n) =~ \/5— g (mledin)}
8 ’
= ] [hw
. raazziiczilood TR fin Tt _ -
50 75 100 125 150 175 200 = 26<m|eq|n>
(a) Raman Shift (cm™!) o
=i\ 5 Mnm: (3.3
4 2e€
o .
+EZ§Z:§E§ilta| » wheree is the dielectric permittivity of a mediumy is the
_ angular frequency of the external field, is the time-
f dependent displacement of a charged element from its equi-
g 2 — librium position, and u,, denotes the transition dipole-
- / /o/o moment integral for the— m transition. In the derivation of
! /g/o/o the third expression of Eq3.3), we have used the Schro
o« dinger picturé® and the selection rule of harmonic transition
%% 400 500 600 (i.e.,An=1). The term(m|q|n), appearing in Eq(3.3) can
(b) Temperature (K) now be evaluated using the normalized eigenfunction for a

linear harmonic oscillator, namely,

FIG. 2. The fitting result of thé;(1TO) mode:(a) the result of 12
peak separation at 300 K, assuming that each subpeak has an inde- «@ L
pendent Lorentzian shape, afig) the temperature dependence of (ﬂ-) (Z”n!)
the relative intensity of the lowest-frequency subpeak to the first

mw)

subpeak. with  a= ( -

1/2 _ 2
exp( o )Hn< Jaq)

(3.9

leakage of the strong(1TO) mode at 87.5 cm'. The ma- whereH,, is the nth-order Hermite polynomial. Thus, using

jor subpeak of thé\;(1TO) mode at 300 K is the first sub- .
peak. The fitting result also shows a significant line broad—Eq' (3.4 the matrix element can be compactly represented

ening with increasing quantum number. This reflects that th(te)y the Kronecker;; , namely,
high-lying phonon states should have shorter lifetimes so

that the peak line widths broaden gradually as the vibrational (m|g/n)= 1 | h PN~ SN e
energy levels increase. 2me ™0 m.n

Figure Zb) shows the temperature dependence of the rela- 7
tive intensity of the lowest-frequency subpeak to the first — A /—(n +1)12
subpeak. The filled circles correspond to the values estimated 2mo

from the measured spectra while the open circles represenﬁq ,
the theoretically estimated ratios using E8.1). Beginning | Ne ast equality of Eq(3.5) holds only for then—n+1

at 400 K, the experimentally obtained ratios deviate signifi-ransition. _ o
On the other hand, thé function expression in Eq3.2)

cantly from the theoretical values, and the degree of the de- i . N
viation increases with increasing temperature. is proportional to the density of the initial quantum state and,

One can extract a useful conclusion by deriving By1)  thus, is proportional to exp(E, /kgT)/Q,i», WhereQ,, is the

and by reexamining the discrepancy between the experimeijrational partition function. The intensity of a given tran-

tal intensity ratios and the theoretical values in terms of thi$Ition IS proportional to the population of the initial state.
equation. According to the Fermi's golden rule, the rate 0]cThus, combining the expression for the density of the initial

transition from a state fi” to another quantum staterty”  Staté with Eq(3.9) for then—n+1 transition, one can im-
(per unit time and volumeis given by the following well- mediately obtain the following expression for the rafb

known relation: from Eq. (3.2,

(3.5

o _[exp(—En/keT)|I(n+1[gn)|? '{—nhw)
Wom=——[(m[H'[n)[?8(En—En—fiw), (32 ~ e Eolken)| [alaioyF " THER TiGT )
(3.6

whereH' is the perturbed Hamiltonian that induces a tran-The last equality holds only for the linear harmonic oscilla-
sition. The perturbed Hamiltonian for a charged particletor. Therefore, Eq(3.1) is valid for a model based on the
(with chargee) caused by an external electromagnetic fieldharmonic oscillator. It should be emphasized that the term
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160 The frequency of each subpeak is the transition energy
150] ©—o0_o betvvgen two corresponding quantum states. Thgrefore, the
® o | O—0__ spacing between subpeak frequencies is the difference in
~ 140+ D\u\.\.\ g O\O\O\ their transition energies. This splitting seems to be caused by
2 130 D\D\D e, °© the anharmonicity of vibration. In case of the harmonic os-
2 o %, cillator, there is no difference in the vibrational transition
> 1204 D\D\D energy, and, thus, all subpeaks should merge into a single
g 1104 il S o peak.
s \'\.\- We will examine the anharmonicity model using the data
g 1004 —m— Psubposk a presented in Fig. 3, in conjunction with the time-independent
i3 9] O 37 subpeak perturbation theory. According to the second-order perturba-
P tion theory, the eigenvalue of an anharmonic oscillator is
804 subpeak iven b
—O0— 1% subpeak 9 y
70

100 200 300 400 500 600 [(gmlH Ty |?
En=ER+(RIH lUR+ 2 ——Fo—o
Temperature (K) mmo Eme

(3.7)

FIG. 3. The temperature dependence of subpeak frequencies ¥here 4 is the normalized unperturbed eigenfunction for a
the A;(1TO) mode of the undoped PbTj@ingle crystal, showing linear harmonic oscillator. The first term on the right-hand
the softening behavior with increasing temperature. side of Eq.(3.7) corresponds to the harmonic approximation,

whereas the second and the third terms respectively represent
aéhe first-order perturbation and the second-order correction to
ethe energy eigenvalue.

In the ferroelectric state, theA;(1TO) mode of

PbTiO;-type perovskites is naturally characterized by a
double-well potential along th€001] direction. Then, in

(n+1) comes from the transition moment integral where
the exponential term is stemmed from the density of th
initial vibrational state.

As mentioned previously, Foster and co-worRéfaused
Eq. (3.1) to test their anharmonicity model for the lowest- : .
frequencyA;(1TO) phonon. However, it is now clear that view of the La_ndau theory, the potential energy along this
this is self-contradictory. A quantitative agreement betweerpormal coordmatg can be fxpressed using the order-
the experimentally obtained intensity and the theoretical preparameter expansion, namef:
diction for temperatures below 400 K, as they claimed, now
indicates that it is not necessary to invoke the anharmonity
effect to explain the observed relative intensRyof the
A;(1TO) mode for temperatures below 400 K. Contrary to
the low-temperature behavior of th%;(1TO) phonon, as whereq’ is the displacement from the paraelectric cubic
summarized in Fig. @), the observed strong intensity trans- symmetry along the normal mode coordinAteand all three
fer toward the lowest-frequency subpeak for temperaturegoefficientsk, & and{, have positive values. The negative
above 400 K cannot be properly explained by E8.1).  sign appearing in thg’* term signifies the fact that PbTiO
Therefore, the anharmonicity effect might be the cause of th@as a discontinuouirst ordej transition character. To ap-
observed anomalous behavior of tAg(1TO) phonon for ply the above expansion to the intrawell vibration that is
temperatures above 400 K. We will systematically examingelevant to the present discussion, it is necessary to move the
this important point in the following section. origin of ®(q’) to one of the two minima in the double-well
potential. After a tedious transformation procedure, one can
obtain the following expression for the potential energy
®(q) with its origin at one of the two minima in the double-

In this section, we are going to present interesting experiwell potential,
mental data for thed;(1TO) mode before we will system-
atically analyze and test the anharmonicity model. Figure 3
shows the temperature dependence of subpeak frequencies ofb(q) = (ka— {a°+ £a)q+
the A;(1TO) mode. Although the frequencies of all four sub-
peaks show a softening behavior with increasing tempera-
ture, some differences in the slope of the softening are evi- +
dent. The most unusual behavior is observed in the lowest-
frequency subpeak that governs the high-temperature
behavior of theA;(1TO) phonon(Fig. 1). As shown in Fig.

3, while all other spacings between the subpeaks slightly
increase with temperature, the spacing between the fourth
(lowest frequencyand the third subpeak decreases with tem-
perature. where

kK , &, ¢
®(q)=-370""-4a"+q" %+, (39

B. Test of the anharmonicity model

1 5 3
- — _ 4_ — 2| ~2
2k+2§a 2§a )q

10 1 5
_ 3 3, = Y 2|4
5 la +§a)q + 4§+2§a)q

1
—{aq®+ Z L0+

=aq+bg?+cq*+dg*+eP+1gt+- -, (3.9
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E+\EE+ Ak Considering the perturbation correctionsqt+dqg*) up
a?= 2—§ to second order, one can now obtain the net variation of the

energy eigenvalue with respect to the eigenvalue of the un-
whereq is the displacement from the minimum of double- perturbed harmonic oscillator, and it is given by the sum of
well potential. One can readily show that the coefficiebts, EQs.(3.12 and(3.14).
and d, have positive values. These changes in the sign of 5 5
quadratic(harmonig and quartic coefficients reflect the shift __¢ 2
of the origin to the minimum of double-well potential. It is ABn= 8 |\ miwy (30n"+30n+11)
worth noting that the coefficients, c, ande, which are 5
forbidden due to the symmeti\Eq. (3.8)], now appear in +§( h
4
2

2
®d(q). To assess the effect of anharmonic interatomic poten- M, (2n"+2n+1)

tial to the energy eigenvalue, we have taken the terms up to

the quartic term in Eq(3.9) and applied this potential to the _ _15 c?
second-order perturbation equation, E8.7). In this case, 4m2w§(6d 1 mwﬁ n(n+1)+ const.
the Hamiltonian operator now reads, (3.19
H=H,+H’, (3.10  Thus, the net difference in the energy eigenvalues between
where the nth and the 6—1)th quantum state and the correspond-
ing subpeak frequencyw(,) are given by the following rela-
h? o2 tion:
Ho=— 5 (9—qz+bq2, and H'=aqg+cq®+dg”.
En_En—1:(E2+AEn)_(Eg—1+AEn—1)

Theaq term in the perturbed Hamiltonian only yields the 22 c2
shift of the zero-point enerdy and thus does not affect the =hw,— —22( 1 —Gd) n
subpeak frequency. Therefore, we will not consider this term 2miwg | Mag
any further. The first-order perturbation correction of tiog =, . (3.16

term to the eigenvalue would be zero because of the oddness
of the integrand. However, this term contributes to the enComparing Eq(3.16 with the experimental data presented
ergy eigenvalue through the second-order perturbation coin Fig. 3, one can immediately realize thatc?fmw?>6d.
rection, namely, This signifies that the second-order perturbation correction of
o131 o2 the cq® term is larger tha}n the first-order correction of the
AE ()= S [(mla®lym)] (3.11 dq* term to the energy eigenvalue.
n igm  ES—ES ' The difference in the subpeak frequency between two ad-

jacent vibrational quantum states is independent of the vibra-
One can evaluate this contributfdrusing the unperturbed tional guantum number and is given by
eigenfunction given in Eq(3.4), and the second-order cor-
rection is A RS L c? sdl>0 (31
2/ 52 Wp wn+1—2m2wcz) 5—mw§ . (3819
3\ — | 2
AE,(cq’) s (m%é)(gm +30n+11). (3.12

Let us now consider the temperature dependence of the dif-
ference in the subpeak frequency. Among the three terms
Thus, the cubic ter_m always redupgs the energy eigenvaIU(%, d, w,) appeared in Eq3.17), w, is expected to have
regardless of the sign of the coefficient, the most pronounced temperature dependence. As tempera-

The dq* term affects the energy eigenstate only throughiyre approaches the phase-transition point, the harmonic fre-
the first-order correction, and the second-order correction abuency decreases substantiallphonon softening This
ways becomes zero because of the characteristic properti@sads to the increase in the spacing between the subpeak
of the Hermite polynomial or the integrand. Therefore, Wefrequencies with increasing temperature.
have Therefore, if all of the subpeaks of th;(1TO) mode

N ol 41 10 were purely originated from the anharmonicity of the in-
AEq(dg®) =d(ynlq*|¢r)- 313 gawell vibration, all the spacings between adjacent subpeaks

One can readily evaluate this contribui®using the eigen- would increase with temperature. Contrary to this expecta-

function presented in E43.4), and it is given by the follow- tion, the spacing between the third subpeak and the lowest-
ing relation: frequency fourth subpeak decreases with increasing tempera-

ture, as is evident from Fig. 3. This observation obviously
3 ho\2 conflicts with the anharmonicity model described above. On
AE,(dq*) = Zd(m) (2n*+2n+1).  (3.14  the other hand, except for the lowest-frequency fourth sub-
© peak, the spacings between two adjacent subpeaks are simi-
Sinced is always positive, the quartic ternd§*) always lar in their magnitudes at a given temperature but increase
raises the energy eigenvalue of the intrawell vibration. slightly with increasing temperature. This observati&ig.
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Pure PbTiO,

= 0.7 at.% Ba-doped
AAAAAAAAAAAAAA 1.3 at.% Ba-doped
------- 3.8 at.% Ba-doped

 kffa, x(zz)x x{zz)x

................. X(yZ)X

A (1TO)

E(1TO)

Impurity Peak
E(1TO) |

Impurity Peaks

Intensity (Arb. Unit)

Intensity (Arb. Unit)

50 75 100 125 150 175 200 fess i’ R —

60 80 100 120 140 160

Raman Shift (cm!)

; -1
FIG. 4. Polarized Raman spectra of tAg(1TO) mode of pure Raman Shift (Cm )
and Ba-doped PbTifcrystals at room temperature. FIG. 5. The polarization dependence of the Ba-impurity peak.
The spectrum marked with a solid line was obtainedx({z2)x
3) clearly indicates that, except for the lowest-frequency subscattering geometry while the spectrum denoted by a dashed line
peak, the splittings into several subpeaks are caused by thgs obtained ik(y2z)x scattering geometry.
anharmonicity of theA;(1TO) mode. However, as exten-
sively discussed in this section, the lowest-frequency sub- ) ,
peak (fourth subpeakthat dominates the high-temperature ©f these modes are the relative d|§placemfntls,7 of Bty
behavior of theA;(1TO) phonon is not originated from the Octahedron with respect to thesite ions (PB").*’ There-

anharmonicity of the normah;-mode vibration. We, there- foré, these two phonons basically do not accompany the dis-
fore, will use a new independent labeling for the lowest-tortion of theBOg octahedron and have weak effective force

frequency subpeak and nameQitsubpeak. constants, eventually leading to a phonon softening near the
transition point.
As presented in Fig. 5, the Ba-impurity peak located near
100 cmit is visible only in the scattering geometry of the
We are now in a position to seek the origin of the anoma-A; symmetry but is invisible in the scattering geometry of
lous increase in the intensity of the lowest-frequency subthe E symmetry. This tells us the very important fact that
peak Q subpeakwith increasing temperature. For this pur- normal mode associated with the Ba-impurity peak has the
pose, we have carefully compared thesymmetry impurity ~ A; symmetry of the PbTi@ host lattice. In the scattering
peak of Ba-doped PbTi{crystals with theQ subpeak of the geometry of theE symmetry, another Ba-impurity peak is
A1(1TO) mode of pure PbTiQ visible at near 110 cmt. However, this peak did not show
Figure 4 shows the polarized Raman spectra of theny noticeable variation with temperature and, thus, is not
A1(1TO) mode of Ba-doped PbTiXrystals having various believed to play any significant role in the soft-mode transi-
contents of barium at room temperature. All the spectra weré&on.
obtained in backscattering geometry witlizz)x polariza- Figure 6 shows the temperature dependence of the fre-
tion. The two outstanding features of Fig. 4 are the appearguency of the Ba-impurity peak having tilg symmetry of
ance of a new peak at near 100 chand the increase of its the host lattice. The Ba-content of the crystal was 3.8 at. %.
intensity with the Ba content. Since this peak is essentiallyAs mentioned previously, the impurity peak has a subpeak
absent in the pure, undoped PbTjlt is considered as a structure. It has been decomposed into two distinct peaks,
Ba-impurity peak. A careful examination of the spectrum fornamely, the impurity peak 1 and the impurity peak 2, assum-
the 3.8 at. % Ba-doped crystal further suggests that the Bang that each individual subpeak has an independent Lorent-
impurity peak has a subpeak structure, which implies a poszian line shape. As temperature increases, the frequencies of
sible existence of the anharmonicity in the vibration of theboth subpeaks monotonously decrease, showing a typical
Ba-impurity mode. softening behaviof! This suggests that thA;-symmetry
Figure 5 shows the effect of the polarization condition of Ba-impurity peak is closely related to the soft-mode transi-
scattering on the Raman spectrum. According to the seledion.
tion rules of Raman scattering, the active modes of the The temperature-dependent line shape of A4¢1TO)
X(z2)x scattering geometry are th&;-symmetry phonons mode of the 3.8 at. % Ba-doped PbTiCrystal is presented
while those of thex(yz)x scattering geometry are the in Fig. 7. All the spectra were normalized with their inte-
E-symmetry phonons. The two peaks appearing in Fig. 5 argrated peak areas. All of the subpeaks move toward a low-
the A;(1TO) and E1TO) modes. These two “soft” phonons frequency region with increasing temperature. The most con-
have the lowest frequency in each corresponding symmetrgpicuous feature is the remarkable increase in the intensity of
and drive the ferroelectric phase transition. The eigenvectorthe Ba-impurity peak having thA,; symmetry of the host

C. A{(1TO) mode of Ba-doped crystals
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105 normal mode, andiii) manifestation of a localized impurity
mode which is directly influenced by the presence of Ba
impurity.

Let us first consider the multiphonon scattering as a pos-
u sible origin of the Ba-impurity peak near 100 ¢ Be-

™~ cause of the similarity between the Ba-impurity peak and the
\. Q subpeak, the multiple phonon scattering might be also im-
™~ portant to understand the origin of th@ subpeak in the
N undoped PbTi@ Thus, the following discussion can be ap-
90 plied to theQ subpeak of thed;(1TO) mode as well as the
—&— Impurity Peak 1 EK\:‘ Ba-impurity peak. The multiple phonon scattering is not
—L— Impurity Peak 2 caused by the phonons located at the Brillouin zone center
. . , , but is originated from the phonons having high density of
300 400 500 600 states located at a certain singularity point within a phonon
band. If two particular phonons are directly involved in the
Temperature (K) scattering process and their symmetric properties are, respec-
tively, represented by'; andI’, irreducible representations,

FIG. 6. The temperature-dependent subpeak frequencies of titeen this two-phonon scattering process should follow the
Ba-impurity peak of the 3.8 at. % Ba-doped PbJi@ngle crystal. ~ symmetry represented Hy,@T',.%8
The Ba-impurity peak was decomposed into two independent sub- |t is important to notice that the impurity peak caused by
peaks. the addition of barium follows theA; symmetry of the

PbTiO; host lattice(Fig. 5). In C,, point group, we have
lattice with increasing temperature. As shown in Fig. 7, thisonly three cases that give rise to the symmetry by the
impurity peak completely governs the high-temperature beedirect product of any two irreducible representations, and
havior of theA;(1TO) mode. they areA;®A;, B;®B;, andB,®B,.?° Because the nor-
mal mode vibration of PbTi@type ferroelectric perovskites
is described by A;+B;+5E irreducible representations
(including three acoustic modeand the conversion of the

We have shown that the addition of barium to the pureparaelectricT,, mode into theB;+E mode has not been
PbTiG; crystal brings on the appearance of thesymmetry  observed*“silent” mode) upon the transition to ferroelectric
impurity peak near 100 cit and the behavior of this im- state, all the phonons involved in the multiple scattering
purity peak is very similar to that of th@ subpeak of the should possess th&, symmetry if this multiphonon scatter-
A;(1TO) mode of the undoped PbTJOIn this section, we ing is described by the overa; symmetry. Although this
will discuss possible origins of the Ba-impurity peak by sys-symmetry requirement does not completely exclude an actual
tematically examining the characteristics of this impurity occurrence of the multiphonon scattering but reduces its pos-
peak. The following three distinct mechanisms were considsibility to a considerable degree.
ered as possible origins of the Ba-impurity pe&l: high- The second point to be considered in the multiphonon
order multiple phonon scattering caused by the variation ogcattering is the degree of peak broadening in the spectrum.
the phonon dispersion relation arising from the addition ofin general, the degree of peak broadening in the multiple
Ba dopant,(ii) coupling of theA;(TO) mode with another scattering is greater than that of the first-order scattering be-
cause more than one phonon is involved in the former. Con-
trary to this expectation, for both the Ba-impurity peak and
the Q subpeak of theA;(1TO) mode the values of the full
width at half maximum(FWHM) are less than 10 cnt,
which is comparable to or even smaller than the FWHMSs of
the first-order scattering peaks having the safpesymme-
try.

Finally, we have considered the temperature-dependent
scattering intensity. The temperature dependence of Raman-
peak intensity for the multiple-phonon scattering is, in gen-
eral, greater than that for the first-order scattering because
more than one phonon participate in the multiple scattering
and their relative distributions are sensitive to the variation
T . of temperaturé® Therefore, the temperature dependence of
50 100 150 200 the peak intensity can be used as a useful criterion to judge

Raman Shift (cm™) whether a particular peak is a consequence of the multiple

scattering or not. As presented in Figs. 5 and 6, the Ba-

FIG. 7. The temperature dependence of Raman spectra for thenpurity peak has a subpeak structure, and, thus, it is diffi-
A.(1TO) mode of the 3.8 at. % Ba-doped PbTi€ingle crystal. cult to precisely analyze its temperature dependence. Consid-

100+

95+ ~~

Frequency (cm™)

85

D. Origin of Ba-impurity mode

— 300K

Intensity (Arb. Unit)
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where
8 —®— Experimental Results
—a— Two-prlonon s_:lmmation m—n 1
g +$3§T:Jh?5n%zzif)f?rence ./ n( w) N ho '
.g 6 (400cm'-300cm’) / ex;{ kB_T) -1
S [~
A~ We considered two possibilities that equally would give a
;’ 4 / peak at 100 cm: two-phonon summation with 50 cm
% /' +50 cm'!, and two-phonon difference with 400 crh
E N /. g H —_300 cm‘l_. As shown in Fig. 8, the two distinct processes
/m/m/* yield essentially the same temperature dependence. The most
l45/$ remarkable feature of Fig. 8 is that the intensity ratio of the
0 Q subpeak of thed;(1TO) mode exhibits a strong tempera-
300 400 500 600 700 ture dependence, which rules out the multiphonon scattering
as a possible origin of the anomaloQssubpeak. This argu-
Temperature (K) ment can equally be applied to the Ba-impurity peak that

exhibits a similar temperature dependence. Therefore, it is
FIG. 8. The temperature-dependent relative intengitgf the  highly unlikely that the appearance of the Ba-impurity peak

lowest-frequency subpeak of thfg(1TO) phonon with respect to at 100 cm ! is a consequence of the multiple-phonon scat-
the A;(2TO) phonon. Open squares and asterisks denote the thegering.
retically computed results assuming that the subpeak is originated As mentioned previously, another possible origin of the
from the two-phonon scattering process. Ba-impurity peak is the coupling of th&,(TO) mode with

another normal mode. The mode-coupling model was sug-
ering this difficulty, we carefully analyzed the temperature-gested to explain the observed intensity transfer and the re-
dependent peak intensity of ti@ subpeak of theA;(1TO)  pulsion of Raman peaks in complex perovskites such as
mode, instead of the Ba-impurity peak, and subsequently>b(-|-il_XZrX)o3 (PZT) and (Ph_gzLa,)TiO3 (PLT).3134
judged the validity of the multiple-phonon scattering as aamong these studies, the observation made by Burns and
possible origin of the Ba-impurity peak. As discu;sed pFeVi'DacoF’l in the E symmetry of single-crystal PbJ;Sry 1405
ously, the temperature dependence of the peak intensity fg§ notable and is similar, to a certain degree, to the results of
the Ba-impurity peak is very similar to that for tt@ sub-  the present study. However, there is a couple of important
peak and both peaks originate from the normal modes havingjfferences between these two. First, there is no sign of the
the sameA; symmetry. Therefore, our conclusion deducedyepylsion between the subpeaks in the present case. Sec-
from the analysis of th® subpeak can also' be applied to the gndly, the frequency range of the anomal@subpeak or
temperature dependence of the Ba-impurity peak. the Ba-impurity peak is substantially higher than that of the

Figure 8 compares the temperature dependence of themode studied by Burns and Dacol. According to the mode-

theoretically expected relative intensity ratiofor a hypo-  coupling model, the coupling of a zone-center soft mode to a
thetically assumed two-phonon process with the experimenzone-boundary transverse acousfié) mode is most prob-
tally obtained intensity ratio for theQ subpeak of the aple in PbTiQ-based perovskites. The neutron-scattering
A1(1TO) mode. The experimental data were obtained fromstydy showed that the frequency range of the TA mode in
the undoped, pure PbTiGsingle crystal using(yy)x scat-  ppTiO; was sufficiently below 80 cm! and is even below
tering geometry. The intensity of th&,(2TO) mode was  the frequency of th&(1TO) mode®® Moreover, the phonon
used as a reference for analyzing the temperature dependenggpersion curve tells us that there does not exist any phonon
of the Q-subpeak intensity. The intensity raftis defined as  pand that possibly couples to the, (1TO) mode for the

frequency range between thg (1TO) mode andeE(1TO)

R= lo-subpeak )1 a,210)(T) model’ In view of these, the&) subpeak or the Ba-impurity
~ 1q-subpeak300K)/1 5 (210)(300K) peak cannot be attributed to the mode coupling.
The last possibility to be considered as the origin of the
TFo-subpeak T/ TFq_subpeak 300K) observed Ba-impurity peak is thA;-symmetry localized
- TFa (210)(T)/ TFa (210)(300K) (318 mode directly influenced by the Ba dopant. This localized

mode can be viewed as a modifiéd(1TO) mode by the
whereTF denotes the thermal factor. Assuming that the thereffect of Ba-impurity ions. More specifically, both the local-
mal factor is primarily determined by the phonon-ized Ba-impurity mode with theA; symmetry and the
distribution factor, the thermal factor for the Stoke line in the A1(1TO) mode in the pure PbTiChave the same eigenvec-
two-phonon process can be approximatetf as tor for the relative atomic displacement. The main difference
between these two modes is the vibration frequency or the
[N(wq)+1][n(w,)+1] for two-phonon summation effective force constant. Th&;(1TO) mode within a certain
correlation radiusR;) centered at a given impurity ion will
[n(w1)+1]n(w,) for two-phonon difference, be influenced by this Ba-impurity center. Then, the photons
(3.19 scattered from this region will build up ak,-symmetry im-
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Ba-impurity mode by the Ba doping. In other words, Qe

Pure PbTiO, subpeak of theA;(1TO) mode is gradually replaced by the
"""""" 0.7 at.% Ba Ba-impurity mode with the Ba doping. If the lowest-
o ;2 ZI%’ g: frequencyQ subpeak of thé\;(1TO) mode had some intrin-

sic origins, this mode replacement could not be explained
because all other subpeaks of thg(1TO) mode that origi-
nated from the intrinsic lattice anharmonicity showed no sig-
nificant change by the Ba dopirigear 120 cm? in Fig. 9).
Above discussion clearly suggests that the anomalous line
shape of theQ subpeak of theA;(1TO) mode also stems
from some extrinsic origins. In other words, tResubpeak
of the A;(1TO) mode of the undoped PbTjGs caused by
some unavoidable defects. This model based on the lattice
defects can explain all the observations, includiingthe
anomalous increase in the intensity of the lowest-frequency
subpeakpure PbTiQ) and the Ba-impurity mode with tem-
Raman Shift (cm™) perature andii) the mode replacement by the Ba doping.
Possible defects that can potentially cause the appearance
FIG. 9. The variation of the line shape of thg(1TO) mode  of the Q subpeak are substitutional impurities or lattice de-
with the Ba content at 700 K. fects such as vacancies. The ICP analysis of the undoped
crystal indicated that the total content of impurities was less
purity peak. At a low temperature, the region influenced bythan 10 ppm in atomic fraction. The detected impurities were
the Ba-impurity center is confined to a small volume. How-Ca, Co, Mg, Cr, P, and Cd. These impurity levels are negli-
ever, the correlation radius of the localized region increasegible compared to the Ba content (6:3.8 at. %) em-
drastically as temperature approaches the phase-transitigmoyed in the present study. Therefore, substitutional impu-
point. This Ba-impurity mode qualitatively explains all the rities are not likely to be the origin of the anomalous line
observations, including the anomalous increase in the intershape of theA;(1TO) mode. Another possible origin of the
sity of the Ba-impurity peak with temperatu¢gig. 7). Con-  anomalous line shape is related to some unavoidable lattice
sidering all the discussion made in this section, we now condefects. Thermodynamics tells us that these defects cannot
clude that the Ba-impurity mode is a localized transversébe completely eliminated. The concentration of thermody-
optic A;-symmetry mode directly influenced by the Ba im- namically stable defects, in general, increases rapidly with
purity and is primarily responsible for the existence andtemperature. In an ionic crystal like PbTiOeven a trace
growth of the Ba-impurity peak near 100 ¢ amount of charged lattice defedes.g., vacancigscan affect
the phonon modes through a long-range electrostatic interac-
tion.

700K

Intensity (Arb. Unit)

40 60 80 100 120 140 160

E. The lowest-frequency subpeak ofA;(1TO) mode

Figure 9 shows the variation of the line shape of the . o _
A,(1TO) mode with the Ba content at 700 K. Regardless of F. Correlation of local polarization fluctuations
the presence and the content of barium ions, all the spectra One of the prominent features of th#g(1TO) mode is
show similar line shapes. The only difference is the degree athat its high-temperature line shape is governed by low-
the frequency shift in the major subpeak. Despite the distincfrequency subpeaks. This feature has been shown in the
difference in the history of thermal evolution between thelowest-frequencyQ subpeak of the undoped PbTi@nd in
Ba-impurity peak and th subpeak of theA;(1TO) mode the Ba-impurity peak of the Ba-doped crystals. According to
of the undoped PbTiQ) both modes have very similar line the discussion made in Secs. Il D and Ill E, these subpeaks
shapegqFig. 9 and show a gradual softening with tempera- originate from some lattice defect® (subpeakor impurities
ture (Figs. 3 and & In addition to this, these two modes (Ba-impurity peak Considering low relative concentrations
commonly share thé; symmetry in the relative atomic dis- of these defects or impurities, however, the observed domi-
placements. All these indicate that the physical origin of thenance is quite remarkable. The main purpose of this final
Ba-impurity mode is essentially the same as that of thesection is to qualitatively address this important point.
lowest-frequencyQ subpeak of thé\;(1TO) mode that gov- It is expected that crystal defects would have influence on
erns the soft-mode transition. the behavior of thé\;(1TO) mode either through an elastic

Another important observation associated with thepath (in case of the Ba impurifyor through a long-range
anomalous line shape of the, (1TO) mode is that, in con- electrostatic path(in case of the charged lattice defects
trast with the undoped PbTiJFigs. 1 and 2 the Ba-doped These defect modes can be regarded as frozen fluctuations of
crystals do not show any increase in the intensity of he order parameters or polarizations. At a low temperature, the
subpeak. Instead, a strong intensity increase of the Bdecal frozen fluctuations caused by these defects or impuri-
impurity mode was observed with increasing temperaturdies are confined to a very small region around the impurity
(Fig. 7). This observation suggests that there is an intensitgenter. As temperature increases, however, the correlation of
transfer from theQ subpeak of theA;(1TO) mode to the these local polarizationflocal order parametersncreases
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sharply and the system is infinitely compliant to externaldefected region would be significantly lower than that of the
perturbations at the critical poifii,. The best measure of the intrinsic region, which is free of the lattice defects or impu-

strength of this correlation is known as the correlation func+ities. Thus, like a selective nucleation at heterogeneous
tion (G,p) of the displacements of atoms from the averagesites, the polarization correlation selectively initiates at these
positions and can be written, in the coordinate representadefect or impurity sites. The correlation length increases

tion, as® drastically as temperature approaches the critical point that
corresponds to the local region around the defect center, and
G E(qa(X)qlg(O)) the whole crystal will be under the influence of this long-
ap kT range polarization correlation.
Now, we are in a position to address the following impor-
__Yo J G, 4(k)e* *dk tant question: Why do the defe@mpurity) modes dominate
(2m)* p the high-temperature behavior of tAg(1TO) phonon that is
primarily responsible for the soft-mode transition in
~| iexp( ﬂ) (3.20 ABO;-type perovskites? The answer to this question is di-
|| Re )’ rectly related to the fact that, over a wide range of tempera-

where q,(X) denotes the standard displacement coordinat&!re: the phonon frequencies of these defect mpdgs are ;ig—
for the ath degree of freedom at the spatial coordinatét n_|f|car_1tly Iowe_r than those of the corresponding intrinsic
can be related to the ionic component of the spontaneouéPrations having the samé, symmetry.

polarization byP,=z/vq,), wherev, is the volume of a
crystal. G,z(k) denotes the Fourier transform pair of

Gap(X), andl is an appropriate constant. Thus, for the It is shown that the lowest-frequend subpeak of the
symmetry ofABO;-type perovskitesg,(x) can be regarded A,(1TO) mode that dominated the phonon softening of the
as the displacement that is parallel to the relative displaceundoped PbTiQ cannot be properly explained by the previ-
ment of theBOg octahedron with respect to thesite ions.  ously proposed anharmonicity model. The polarized Raman
The last expression can be obtained by using the quasihagpectra of theA;(1TO) mode of Ba-doped PbTiCcrystals
monic approximation for a displacive transitidhThe cor-  showed that the Ba-impurity mode that dominated the soft-

IV. CONCLUSIONS

relation radiusR, for T<T,, can be written as mode transition also had th&, symmetry of the PbTiQ
host lattice. By carefully comparing the impurity peak of the

R=1"+/ Te (3.21) Ba-doped crystals with the lowest-frequen@ysubpeak of

¢ T.—T’ ' the A;(1TO) mode of the undoped PbTjOwe have con-

where |’ is another proportionality constant. The above.CIUded that the anomalous line shape ofA€1T0) phonon

equation tells us that the correlation length becomes infinitgofnaeuls;gC';Oégfglgtsbyptgreﬂéﬁigﬁe iﬂgalg\?v%gﬂ% bl:Jet;na:;lSOSBg-
as temperature approaches the critical point. : Y, q y

One important feature associated with the defect or impupe?k of the.AlélTO) modeb;s n(_)t.dlrectI%/ reIa;ed to the
rity modes is that, at a given temperature, the frequencies th armonicity l.Jt presumably ongmatgs rom the existence
these modes are significantly lower than those of the intrinsi(g)f thermodynamically unavoidable lattice defects.
vibrations having the sam&; symmetry. This unique fea-
ture remains unaffected up to 700 K. These are summarized
in Fig. 1 for the lowest-frequenad® subpeak of thé\;(1TO) This work was financially supported by the Korea Insti-
mode of the undoped PbTiOand in Fig. 7 for the tute of Science and Technology Evaluation and Planning
Ai-symmetry Ba-impurity mode of the Ba-doped crystals.(KISTEP) through the NRL program and by the Korea Re-
All these results suggest that the local Curie point of thesearch FoundatiofKRF), under Contract No. E01779, 1999.
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