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Size-induced phase transition in PbTiQ nanocrystals: Raman scattering study
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We report a Raman scattering study of PbJi@®T) nanocrystals prepared by a sol-gel method at a low
temperature of 400 °C. The Raman spectra indicated the existence of a stable ferroelectric phase in the PT
nanocrystals at room temperature. The temperature dependence of the spectrum revealed the appearance of a
new phase transition in the 7-nm PT nanocrystals in the region of 166 °C. This was attributed to the phase
transition betweerC,, andC,, point groups induced by the size reduction of the PT crystals to nanoscale.

This feature is significantly different from that observed for conventional PT materials in which only the
tetragonal phase is detectable below 493 °C.

[. INTRODUCTION materials stabilizes the tetragonal structure over the rhombo-
hedral phase. In contrast, in BT the tetragonal strain is small
Phase transitions occurring in lead titandkT) are of and only the low-temperature rhombohedral phase is ex-
great interest subject and have been studied intensively oveiected to be well ordered. However, these calculations also
the last 30 years. Many studies have particularly focused oimply that other phase transitions besides the cubic to tetrag-
PT single crystals. The general characteristics of this ferroonal one should occur if the ferroelectric distortion in PT
electric crystal are expected to be similar to those of thenaterials could be tuned to a small value. The nanotechnique
prototype barium titanatdBT). Since BT has three ferroelec- developed in materials science makes it possible to tune the
tric phase transitions, cubic to tetragonal (120 °C), tetragoferroelectric distortion in PT fine crystals. Investigations by
nal to orthorhombic (5 °C), and orthorhombic to rhombohe-x-ray diffraction show that tetragonalityca) decreases as
dral (—90 °C), for many years much work has been directedsize is reduced to the nanometer scale for both PT and BT
towards finding evidence for the occurrence of other phasgarticles’ ! Thus, it is of great interest to examine the phase
transitions in PT in the low-temperature region. X-ray stud-transition in PT nanometer particles experimentally.
ies and dielectric measurements of PT powder samples indi- The structures of the microcrystals as small as crystals of
cated small anomaliés’ at temperatures close t6100°C g few nanometers, usually called quantum dots, can be char-
and— 150 °C. The authors of these works suggested the posicterized by various techniques including x-ray diffraction
sibility of an antiferroelectric transition at 100°C in PT.  (XRD), transmission electron microscogyEM), and Ra-
Recent accurate measurements of lattice parameters and tian scattering. XRD and TEM have been widely used to
anisotropy of optical susceptibilities of PT single crystalsstudy the size effects in perovskite-type ferroelectric materi-
show that PT undergoes a phase transition-&0°C be- als, in particular for PT and BT nanocrystals. Diffraction
tween theC,, andC,, point groups but that the lattice dis- peaks cannot be separated accurately because they broaden
tortion of the C,, phase is extremely smallaxial ratios remarkably and overlap when particle size is reduced to the
a/b<1.0002 and axial anglg8=y=90°)* This small dis- nanoscale. Thus a pseudocubic structure has been generally
tortion evidently leads to difficulty when seeking low- derived upon application of this technique to PT nanocrys-
temperature phase transitions in PT bulk materials, and thugls. Raman studies of metal*and semiconductdt nanoc-
most investigations have reported that only a cubictystals indicate that this technique is well suited to the study
tetragonal transition at 493°C appears in PT bulkof nanometric-sized systems that may show features that dif-
material®~’ Considered from a theoretical aspect, recentfer greatly from the bulk materials. Raman scattering has
first-principle calculatiorfsdraw a physical picture of the also been shown to be very sensitive for the detection of
origin of ferroelectricity in perovskite oxides, and demon- phase transitions in P!.In the present work, Raman scat-
strate that hybridization between tlBecation and O is es- tering was selected to investigate the structural phase transi-
sential for ferroelectricity irAB O; perovskite ferroelectrics. tions in PT nanocrystals. Some new information on phase
In addition, theA cation can modify the ground state and transitions in these nanometric-sized systems has been dis-
nature of the transition by ferroelectric distortion and hybrid-covered. This will be of great value for understanding the
ization with the valence state. The large strain in PT bulkferroelectricity in perovskite-type ferroelectric materials.
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FIG. 1. TEM image of the 7-nm PT nanocrystals.
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Il. EXPERIMENT (c¢) 17 nm
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Nanocrystalline PT materials were prepared using a sol-
gel method. The precursor solution of stoichiometric compo-

(b) 7 nm

sition was prepared from lead acetate and titanium isoprox-

ide using alcohol as a solvent and was refluxed to form a w
double alkoxide. Amorphous powders were then obtained by (a) amorphous
drying the precursor with a vacuum evaporator at room tem- 0 200 400 600 800
perature. In order to control the particle size on the nanos- Raman shift (cm™")

cale, it is necessary to set the annealing temperature as low .
as possib|e_ A previous Study on the growth of the PT fine . FIG. 2. quan spectra at room temperature for the nanometric-
particles reported that crystallization can proceed at a tenrsized PT particlesa) Unannealed amorphous powdgs) annealed
perature as low as 400 °€.The nanoparticles used in the at 400°C for 30 h with an average size of 7 nfo) annealed at
present study were obtained by calcination at 400 °C in ajf*00 °C for 50 h with an average size of 17 nm.

for 30 h. The average size was estimated by TEM to be about .
7 nm as shown in Fig. 1. as the tetragonal phase of PT by XRD. In addition, the Ra-

Raman spectroscopy measurements were performed wifRan spectrum contained all of the essential features of te-
a JOBIN YVON RAMANOR HG-2S Raman spectrometer tragonal polycrystalline solids prepared by conventional ce-
in backscattering geometries. The 488-nm line of an argoh®M'c techniques! The lowest mod%m the well-known
ion laser was used as the excitation source at a power level &{(1TO) soft mode of PT. The 140-cm mode used to be

30 mW. The width of both the entrance and exit slits was sef10ught of as a second-order phonon m&tighe second
at 200um corresponding to a spectral resolution of Strongest mode, assigned Bs+E, is a silent mode. The

1.8cnt L. Due to the low Raman signal level, each Spectrumot_her modes denoted in thg figure are Wgak in comparison

was the result of the addition of several scans. with the soft mode, and partially overlap with each other. An
The holder filled with a sample was mounted on a |argeintense quasiela;tic scattering appears beside the soft

metal block located in a temperature-controlled furnace conE(1TO) mode. This was usually detected even at room tem-

structed from ceramics with a Pyrex window. The tempera-
ture of the sample was monitored by two thermocouples in-
serted into the metal block close to the sample. The variation
in temperature of the sample was determined to be less than
+0.5°C during measurement. Measurements were carried
out at a lower temperature than the annealing temperature in
order to avoid unexpected growth of particles. The Raman
spectrum at room temperature did not change after heating
the sample to 361 °C.

T=266°C

Ill. RESULTS AND DISCUSSION

Intensity (arbitrary units)

The Raman spectra obtained at room temperature are il-
lustrated in Fig. 2. It should be noted that the Rayleigh scat-
tering extending up to 6 cit only was subtracted from the
low-frequency profile for all spectra. For greatest accuracy,
only the spectral profile higher than 15 chwas considered.
For comparison, the figure also includes the spectra of par-
ticles with an average size of 17 nm and the amorphous
powders used for obtaining the 7- and 17-nm particles. The
7-nm particles exhibited unique spectral features that were FIG. 3. Typical spectra of the 7-nm PT nanocrystals as a func-
different from those of the amorphous powder and 17-nmtion of temperature. Full lines represent the fitting results using Eq.
particles. The structure of the 17-nm patrticles was confirmedt).
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perature in the low dimensional systems of tetragonakasily resolved. The intensity of the lowest mode at about
PT 219 while it was observable only in the vicinity of the 50cmi ™ (mode 2 is much larger than that of its neighbor
Curie point for the bulk by careful measureméhtT his around 100 cmt (mode 2. The spectra become quite weak
quasielastic scattering was attributed to a Debye relaxatiogfter further heating. In the vicinity of 166 °C, these two
mode derived from an order-disorder proc@sg'.h_e Spec-  modes appear to degenerate, and the quasielastic scattering
trum of the amorphous powder displays no distinct Ramamecomes visible. It is evident that there is a phase transition
scattering peak except for a broad band. Figure 2 clearly.,nd this temperatureTf‘T) above which another phase
shows that the 7-nm particles have a quite different structure i essentially different features is formed. This high-

This structure IS neither the gmor_phous nor tetragonal phaﬁ mperature phase can be unambiguously attributed to the
of PT. Two partially overlapping intense peaks can be seen

in the low-frequency and the high-frequency profile, Wh”etetragonal structure of_ PT by comparison with the spectrum
only a broad band is present in the middle region. of the 17-nm PT particles that have a tetragonal phase at
To study the phase of the 7-nm particles at room temperd 0 témperature as shown in Figcp

ture, Raman spectra were then recorded as a function of tem- | order to understand the features of the Raman spectra
perature. Figure 3 illustrates the Raman spectra at sever@f @ function of temperature, we fitted the observed spectra
typical temperatures. As the temperature increases, the spetith @ spectral response, which is the simple sum of damped
tral profile above 200 cmt varies slightly, in contrast the harmonic oscillators and a Debye relaxation mofee
low-frequency profile clearly changes. The two modes ardluasielastic scatteripg®

2L 0or for T<166°C
or T< °
( 1 ) i (wiz—wz)2+4ri2wi2w2
H(w)= .y
ehw/kT—l Frw’yr ZFiFiwwis
R Y I for T=166°C,
W+ i (o — ) +H4l' oo
|
where the former term is the Bose-Einstein factor, I';, separately. It is obvious that the fits are quite satisfactory.

andF; are the mode frequency, damping factor, and oscilla- In Fig. 5, the observed mode frequencies are presented as
tor strength,y, and F, are the inverse relaxation time and a function of temperature. The modes in the high-
strength associated with the relaxation mode. Because of thtemperature tetragonal phase can be easily identified by com-
weak intensity, the quasielastic scattering at temperaturgsarison with those in the 17-nm PT particles spectrum, Fig.
lower thanTO™" was not considered in the fitting procedures. 2(c). Special attention should be drawn to the lowest mode,
Figure 4 shows typical results for fits at two temperatureghe E(1TO) mode. This mode dominates the dielectric be-
located above and belo@S " so that all modes are seen
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FIG. 5. Temperature dependence of the mode frequencies in

FIG. 4. Typical results of fits using E€L) so that all modes are 7-nm PT nanocrystals. Full lines represent least-squares fits using
seen separately. Full lines represent the fitting results. polynomials with up to cubic terms ifi to guide the eye.
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havior of PT, and is related to the ferroelectric phase 10 T - -
transitiort® and is usually called a soft mode. It is shifted to
low frequency in comparison with those (89 chat room
temperaturgin bulk materials, implying a lowering of the 0.8 7
force constant in the nanocrystals. This feature was observed Overdamping limit

for the ultrafine PT particles, leading to the decrease of the
phase transition temperature between the tetragonal and cu-
bic phasé? Although we have not observed the tetragonal-
cubic phase transition in the present sample due to the limi-
tation of possible size increase at higher temperature, the
measured spectrum at 361 °C is so weak that it can be ex-
pected that the scattering peaks will disappear and the phase
transition should appear in the vicinity of this temperature. 024 —a E(1TO) ]
The soft mode first softens as the temperature increases. —=— Mode (B,(TO))
However, there seems to be no further softening as the tem- ] —*— Mode2 (B,(1TO))
perature further increases. The exact reason why the PT

nanocrystals as well as thin fildfsexhibit such behavior is 00 0 100 200 200
unclear at present. In Fig. 5, one can clearly see again that
the most intense doubl&(1TO) mode is split into two
modes aﬂ'g'T_ Figure 6 shows the temperature dependence FIG. 6. Damping factor as a function of temperature for the
of the damping factors of these low-frequency modes. Théovy-frequency modes in 7-nm PT nanocrystals. The curves are to
damping factors of the two modes in the low-temperatureduide the eye.

phase fall within the underdamping linfttwhile that of the

E(1TO) soft mode tends to become overdamping as the tenbe significantly less than that in the bulk materials, and the
perature increases. It should be noted that the soft modgther low-temperature phase is expected to be well ordered
damping factor in PT nanocrystals is significantly larger thann a similar way to BT It then follows that the PT nano-
that in the single crystal$:** A discontinuity of the damping  crystal system is orthorhombic at room temperature. On the
factors around 166 °C can also be seen in Fig. 6, indicatingasis of the work of Kobayasfgt al. on single crystald, it
again that the modes above and below this temperature bgs,i1d be reasonable to assign the point group of the low-

long to different structures. temperature phase of the PT nanocrystal€gs The theo-

We now discuss the origin of the low-temperature phas?’retical study shows that the(1TO) soft mode corresponds

Impurities th?t might be included_ in the samples are 0r9anIG, the vibration of both Ti and O ions against Pb ions along
compounds in the precursor. Since the samples have been

- o "
annealed at 400°C for 30 h, it is unlikely that the organic' € & OF D &xis: " As the phase transition betwe€ly, and
compounds still reside in the samples. It can also be see92v occurg atTC in the PT nanocrystals, the double modg
from Fig. 2a) that the organic compounds have no influenceE (1 TO) will disappear and two split modes should appear in
on the Raman spectra. The pyrochlore phase that might ddbe low-symmetry systems due to the lattice distortion along
velop during annealing can be excluded by the fact that théhea andb axis. It is clear now that mode 1 and mode 2 can
pyrochlore-tetragonal phase transition is not reversible whilé€ assigned aB,(TO) andB,(1TO) modes, respectively,
Raman measurement at room temperature after heating fiy comparison with results from the isomorphic compound
361°C proves that the observed phase transition in th8T (Ref. 25 and KNbQ,.?® The other modes in the ortho-
sample is reversible. Raman measurements of Méfand  rhombic phase are then identified in the same manner as
semiconductdf nanocrystals revealed the occurrence ofshown in Fig. 5.

confined acoustic phonons in the low-frequency region. This

can be used to explain the appearance of the lowest mode

o
[=>]
)

Damping factor

(=4
S
Il

Temperature (°C)

(mode 1 at room temperature, but mode 2 cannot be attrib- IV. CONCLUSION
uted to theE(1TO) soft mode because of the discontinuity in
mode frequency shown in Fig. 5. Raman scatterings in PT nanocrystals proved the exis-

The stable phase at room temperature can therefore dence of a phase transition around 166 °C above which the
regarded as a new crystalline state of PT materials. Theetragonal phase is developed and below which the ortho-
phase transition &' is due to the symmetry change of the rhombic phase is stable. The transition temperature is about
unit cell of the PT nanocrystals. It has been reported that 260 °C higher than that reported in single crysfalShe
lattice relaxation is present near the surface of PT within twdowest two split modes have been observed in the low-
layers'® and thus the 7-nm PT nanocrystals consisted ofemperature phase and assigned a8t{&0) andB;(1TO)
about 20% of atoms that reside in the surface regiothe  modes of the orthorhombic phase. These interpretations are
large fraction of the surface layer will then strongly influencesupported by recent first-principle investigation on the origin
the structures of the PT nanocrystals. Investigation of thef perovskite-type ferroelectricifyand accurate measure-
lattice parameter shows that the tetragonatity reduces to  ments of lattice parametéri this material. All these results
nearly unity for PT particles for sizes less than 10 nm atare favorable for understanding of the origin of ferroelectric-
room temperaturg Thus, the energy difference between theity and size effects in perovskite-type ferroelectrics. Further
cubic and tetragonal structure in the PT nanocrystals shoultesearch on these nanophase materials is clearly necessary.
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