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Raman scattering investigation of Y1ÀxCaxTiO3
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Raman scattering spectra of single crystalline Y12xCaxTiO3 (x50, 0.10, 0.30, 0.37, 0.38, and 0.41! have
been systematically studied in the temperature region from 298 to 8 K. The structural transition from the
orthorhombic phase to the monoclinic one occurs below 200 K inx<0.38. The intensity increase, related to the
metal-insulator transition, has been observed below 100 K in Y0.62Ca0.38TiO3 . The phase separation from the
monoclinic phase to the metallic orthorhombic and insulating monoclinic phase occurs below the metal-
insulator transition temperature (TMI) in Y0.62Ca0.38TiO3 . The intensity-increase is explained by the appear-
ance of the orthorhombic structure belowTMI and its anisotropic appearance is related to the random orienta-
tion of the principle axes of the orthorhombic grain.

DOI: 10.1103/PhysRevB.69.024102 PACS number~s!: 78.30.2j, 71.30.1h, 64.70.Nd, 72.80.Ga
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I. INTRODUCTION

Perovskite-type transition-metal oxides with strong Co
lomb interactions have recently attracted much interest
cause of their characteristic electronic and magnetic pro
ties caused by a interplay of charge, spin, and orbital deg
of freedom.1 YTiO3 is well known as a Mott insulator show
ing a ferromagnetic transition atTc;30 K with a 3d1

~Ti! configuration and has a GdFeO3-type structure with
Pbnm symmetry at room temperature.2,3 In Y12xCaxTiO3 ,
the insulator to metal transition occurs atx;0.38.2 In par-
ticularly, a temperature-induced metal-insulator~MI ! transi-
tion has been clearly observed at around 130 K
Y0.61Ca0.39TiO3 .4

Recent powder x-ray diffraction experiments at aroundx
50.39 have reported that the structural phase transition f
orthorhombic@Pbnm(D2h

16)# to monoclinic@P21 /n(C2h
5 )# at

around 230 K and also the phase separation between
low-temperature orthorhombic and monoclinic ones bel
the MI transition temperature (TMI).

5 Raman scattering spec
tra of polycrystalline Y12xCaxTiO3 at 50 K were reported by
Katsufuji and Tokura,6 but they did not discuss the correla
tions between the MI transition and the structural phase t
sition. Raman scattering is one of powerful tools to inves
gate lattice dynamics, including phonon anomalies relate
the magnetic ordering or electron-lattice interactions. It h
been applied to the orthorhombically distorted perovsk
type transition-metal oxides.7–10

In this paper, we have systematically studied the polar
tion and temperature dependence of Raman scattering s
tra using single crystalline Y12xCaxTiO3 in order to clarify
the MI transition and the structural anomaly from a vie
point of phonon dynamics. Part of the present study has
ready been reported in Ref. 11, where the phase separ
from the monoclinic phase to the monoclinic1orthorhombic
one occurs belowTMI in Y0.62Ca0.38TiO3 . Here, we have
studied in more detail the Ca-concentration dependence
0163-1829/2004/69~2!/024102~8!/$22.50 69 0241
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II. EXPERIMENT

The single crystals of Y12xCaxTiO3 were synthesized by
a floating-zone method using an image furnace with halo
lamps under a reactive atmosphere of Ar and H2 mixture.
Details of sample preparation were reported in Ref. 12.
this experiment, the specimens withx50, 0.10, 0.30, 0.37,
0.38, and 0.41 were used. The sample surface was poli
to avoid the diffused reflection of the incident light. Electr
cal resistivity was checked by a four-terminal method fro
300 K down to 4.2 K.TMI of our sample atx50.38 is about
120 K.

In the Raman scattering measurements, an Ar1 laser light
with a wavelength of 514.5 nm was employed as the incid
beam. The scattered light was analyzed by a triple mo
chromator~JASCO, NR-1800!, and the analyzed light wa
detected by a CCD multichannel detector~Princeton Instru-
ments, LN/CCD-1100-PB!.

In the orthorhombic structure ofPbnm, the number of the
Raman active phonons (GO) is given asGO57Ag17B1g
15B2g15B3g .7 Raman active phonons with total symmet
Ag appear in the polarization geometries of~a,a!, ~b,b!, and
~c,c!, while B1g , B2g , and B3g appear in~a,b!, ~a,c!, and
~b,c!, respectively, wherea, b, and c correspond to the
@1,0,0#, @0,1,0#, and @0,0,1# axes of the orthorhombic struc
ture. In the symbol ofki(pi ,ps)ks , k andp are the directions
of the propagation and polarization of light, respectively, a
the suffix of i ands denote the incident and scattered ligh
respectively.

III. RESULTS

A. Raman scattering of YTiO3

The polarization dependence at room temperature and
for YTiO3 are shown in Figs. 1~a! and 1~b!, respectively. The
©2004 The American Physical Society02-1
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FIG. 1. Polarization dependence at~a! room
temperature and~b! 8 K for YTiO3 . Closed
circles denote the assigned phonons byPbnmand
the arrow is the additional phonon observed b
low 200 K.
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peaks below 700 cm21 have been assigned as phonons. T
assigned phonons by the symmetry ofPbnmare marked by
the closed circles in Fig. 1~a!. At room temperature, thei
observed number satisfies this symmetry.

However, new additional phonons, marked by the arro
in Fig. 1~b!, have been observed in~a,a!, ~c,c!, ~a,c!, and
~b,c! at 8 K. The crystal symmetry is not orthorhombic at
K, since the observed number ofAg at 8 K exceeds the
estimated number forPbnm.

For the monoclinic symmetry ofP21 /n, the number of
the Raman active phonons (Gm) is estimated asGm512Ag
112Bg . The structural transition from the orthorhombic
monoclinic one gives three possible structures in the mo
clinic phase, since only one angle between the principle a
for the orthorhombic phase deviates from right angle.
YTiO3 , our preliminary x-ray measurement reveals that
angle ofa ~angle between theb andc axes! changes from the
right angle below 200 K. Thus, in this monoclinic structur
the Ag modes appear in the polarization geometries of~a,a!,
~b,b!, ~c,c!, ~b,c!, and Bg in ~a,b! and ~a,c!. The observed
number of phonon modes below 200 K is well explained
the P21 /n symmetry. The wave numbers of the assign
phonons by the symmetry ofPbnmat room temperature an
P21 /n at 8 K are summarized in Table I.

Temperature dependence of the integrated intensitie
the new peaks, marked by the arrows in Fig. 1~b!, is shown
in Fig. 2. The peak intensities increase with decreasing t
perature below 200 K. Thus, this result shows that the st
tural phase transition from orthorhombic to monoclinic o
occurs below 200 K in YTiO3 .

B. Raman scattering of Ca-doped crystals

The results of the Ca-concentration dependence at r
temperature are shown in Fig. 3~a!, where thec(a,a) c̄ spec-
tra are presented as the representative result. In Fig. 3~b!, the
peak energies, depicted by the closed circles in Fig. 3~a!, are
plotted against the Ca concentration. Thex dependence o
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the observed phonon energy gradually changes. In the m
crystal, according to Chang and Mitra,13 there are two types
of phonons: ‘‘one mode’’ and ‘‘two mode.’’ In the one-mod
type, the phonon energy gradually changes from one
energy to the other end energy, while there are two pe
with each end energy in the intermediate concentration
the two-mode type. The present observed phonons are
ognized as the one-mode type. The linewidths increase w
increasing Ca-concentration for all observed phonon mod
At room temperature, all observed peaks are well assigne

TABLE I. The assigned phonons by the symmetry ofPbnmat
room temperature andP21 /n at 8 K. The accuracy of the energie
is 61 cm21 for sharp/strong peaks and63 cm21 for broad/weak
peaks. The underline denotes the new peaks observed inP21 /n.

Mode Pbnmat room temperature Mode P21 /n at 8 K

Ag 142 Ag 147
Ag 169 Ag 171
Ag 275 Ag 276
Ag 311 Ag 306
Ag 416 Ag 316
Ag 440 Ag 419
Ag 500 Ag 449
B1g 134 Ag 489
B1g 215 Ag 515
B1g 305 Ag 670
B1g 483 Bg 143
B1g 513 Bg 221
B1g 646 Bg 290
B2g 290 Bg 309
B2g 365 Bg 372
B2g 676 Bg 490
B3g 305 Bg 517

Bg 646
Bg 683
2-2
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RAMAN SCATTERING INVESTIGATION OF Y12xCaxTiO3 PHYSICAL REVIEW B 69, 024102 ~2004!
FIG. 2. Temperature depen
dence of integrated intensity
I (T), at about ~a! 490 cm21 in
c(a,a) c̄, ~b! 445 cm21 in

b(c,c)b̄, ~c! 515 cm21 in

b(a,c)b̄ and ~d! 490 cm21 in
a(b,c)ā for YTiO3 . Solid lines
are drawn as a guide to the eye.
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the phonons with the symmetry ofPbnm, since the number
of the observed peaks satisfies this symmetry forx<0.41.

The samples withx50.37 and 0.38 show maximum re
sistivities around 60 and 120 K, respectively, whilex50.41
sample shows metallic behavior from 300 to 1.5 K.5 The MI
transition is clearly observed for thex50.38 sample at 120
K, since the resistivity decreases with decreasing tempera
below 120 K. For thex50.37 sample, the transition is not s
clear, because the metallic behavior has not been obse
even at 12 K.5

The polarization dependence at 12 K forx50.37, 0.38,
and 0.41 is summarized in Fig. 4. The spectral shapesx
50.37 are quite different from those ofx50.38 and 0.41 at
12 K, while those ofx50.38 and 0.41 are similar, except fo
c(a,a) c̄. The main difference is the observation of th
strong peaks marked byP1 andP2 .

For x50.38, polarization dependence ofP1 and P2 is
anomalous at 12 K, since they have not been observed
02410
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c(a,a) c̄, which is quite different fromb(a,a)b̄ and is simi-
lar to c(a,a) c̄ for x50.37. This result indicates that th
spectra strongly depend on the propagation direction and
highly anisotropic forx50.38. We note thatP1 and P2 are
not new peaks due to the MI transition, but the increase
the intensity ofP1 and P2 is related to the transition, sinc
they exist even at room temperature with the very weak
tensity.

To understand the correlation between the intens
increase ofP1 or P2 and the MI transition, the temperatur

dependence ofb(c,c)b̄ is shown in Fig. 5 as the represent
tive result. The spectra at room temperature are very sim
At low temperatures, the intensity ofP1 andP2 dramatically
develops below 120 K forx50.38, but the spectra ofx
50.37 and 0.41 change gradually.

The intensity increase ofP1 and P2 for x50.38 is not
simple, as shown in Fig. 6, where the temperature dep
les
FIG. 3. Ca-concentration dependence of~a!
c(a,a) c̄ and ~b! phonon energy inc(a,a) c̄ at
room temperature for Y12xCaxTiO3 , with x50,
0.10, 0.30, 0.37, 0.38, and 0.41. Closed circ
denote the assigned phonons byPbnm.
2-3
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FIG. 4. Polarization dependence at 12 K for~a! Y0.63Ca0.37TiO3 , ~b! Y0.62Ca0.38TiO3 , and~c! Y0.59Ca0.41TiO3 . Closed circles denote the
assigned phonons byPbnmat room temperature and the arrows are the additional phonons observed below 200 K. Remarkable p
marked byP1 or P2 .
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dence of a(b,b)ā is presented. In this geometry, th
intensity-increase ofP1 and P2 occurs at 12 K with the
decrease of temperature, and the intensity decreases at;120
K with increasing temperature as shown in the bottom sp
tra of Fig. 6~a!. In c(a,a) c̄ the intensity development has n
been observed down to 12 K, as shown in Fig. 4~b!. There-
fore, the intensity development ofP1 and P2 strongly de-
pends on the polarization geometries forx50.38. On the
other hand, forx50.41, the intensity development ofP1 and
P2 is continuous from room temperature to low tempe
tures, as shown in Figs. 5~c! and 6~b!. Here we note thatP1
and P2 correspond to the peaks observed by Katsufuji a
Tokura.6
02410
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According to the x-ray results,5 the sample at aboutx
50.39 has two phases with orthorhombic and monocli
ones belowTMI . Thus, it must be determined which phase
related to the increase of the intensity ofP1 andP2 . Before
this determination, we describe the structural phase trans
from orthorhombic to monoclinic one at about 200 K. A
described in YTiO3 , the existence of the monoclinic phase
judged by the appearance of new additional peaks below
K. The additional peaks are marked by the arrows in Figs
5, and 6. The energies of the additional peaks are sim
with these for YTiO3 . Thus, the observation of the addition
peaks corresponds to the experimental evidence of the m
clinic symmetry.
ed
i-
k-
FIG. 5. Temperature dependence ofb(c,c)b̄
for ~a! Y0.63Ca0.37TiO3 , ~b! Y0.62Ca0.38TiO3 , and
~c! Y0.59Ca0.41TiO3 . Note thatTMI of x50.38 is
;120 K. Closed circles denote the assign
phonons byPbnm and the arrows are the add
tional phonons observed below 200 K. Remar
able peaks are marked byP1 or P2 .
2-4
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RAMAN SCATTERING INVESTIGATION OF Y12xCaxTiO3 PHYSICAL REVIEW B 69, 024102 ~2004!
FIG. 6. Temperature dependence ofa(b,b)ā
for ~a! Y0.62Ca0.38TiO3 and ~b! Y0.59Ca0.41TiO3 .
Closed circles denote the assigned phonons
Pbnmand the arrow is the additional phonon o
served below 200 K. Remarkable peaks a
marked byP1 or P2 .
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For x50.37, as shown in Figs. 4~a! and 5~a!, the addi-
tional peaks exist down to 11 K and the remarkable cha
of the peak intensity has not been observed. Thus, the d
nant phase at low temperature is monoclinic forx50.37. On
the other hand, forx50.41, such new additional peaks r
lated to the monoclinic phase have not been observed
shown in Figs. 4~c!, 5~c!, and 6~b!. Then, the structure ofx
50.41 is orthorhombic from room temperature to 12 K, a
the intensities ofP1 andP2 gradually increase with decrea
ing temperature.

For x50.38, the situation is complicated, compared w
the cases ofx50.37 and 0.41. The structural transition to t
monoclinic phase occurs below 200 K, as shown in Fi
4~b!, 5~b!, and 6~a!, because the new additional pea
marked by arrows are observed. However, once the inte
ties of P1 and P2 increase with decreasing temperature,
new additional peaks disappear. Thus, based on the resu
x50.37 and 0.41, it can be concluded that the intensity
creases ofP1 and P2 are originated from the appearance
the orthorhombic structure.

The anomalous property ofx50.38 is also found in the
temperature dependence of the energy ofP1 and P2 . The
result is shown in Fig. 7, where the result ofa(b,b)ā is
presented as the representative result. The temperatur
pendence is remarkably different betweenx50.37 and 0.41.
For x50.38, with decreasing temperature from room te
perature, the peak energies follow the line ofx50.37 and
jump to that ofx50.41 at 12 K. In the increasing proce
from 12 K, they follow the line forx50.41 and jump to that
of x50.37 at around 120 K. This energy jump from the li
of x50.37 to that ofx50.41 has been observed for all o
servedP1 andP2 for x50.38. This result clearly shows tha
the intensity-increasedP1 and P2 is caused by the appea
ance of the orthorhombic structure. Thus,P1 and P2 are
assigned as the phonons in thePbnm symmetry. The as-
02410
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signed phonons byPbnmat 12 K ina(b,b)ā for x50.38 and
x50.41 are summarized in Table II.

As other experimental result related to the MI transitio
we can point out the broad peak at; 650 cm21. For x
50.37, the intensity of this peak gradually increases w
decreasing temperature as shown in Fig. 5~a! and this peak is
observed for all polarization geometries at 12 K@Fig. 4~a!#.
For x50.41, the intensity of this peak does not develop w
the decrease of temperature@Figs. 5~c! and 6~b!# and is very
weak at 12 K@Fig. 4~c!#. However, forx50.38, the peak
disappear as shown in Figs. 5~b! and 6~a!, when the intensi-
ties of P1 and P2 dramatically increase. This correlation
very similar to that for the additional peaks due to the mon
clinic phase. At this stage, this peak has not been assigne
phonons because of the too broad linewidth.

We summarize the experimental results related to M
transition observed by Raman scattering in Table III, wh
the intensity-increased temperature ofP1 and P2 (TA) and
disappearance of the monoclinic and 650 cm21 peaks are
listed for all polarization geometries.

C. Low-energy excitation

In YTiO3 , no remarkable change between 300 and 8
has been observed in the low-energy region below 200 cm21

as shown in Figs. 1~a! and 1~b!. However, forx50.37, 0.38,
and 0.41, the change of the spectral shape and the inte
decrease below 200 cm21 have been found with decreasin
temperature, as shown in Figs. 5, 6, and 8. In Fig. 8,
temperature dependence ofc(a,b) c̄ is shown for
Y0.63Ca0.37TiO3 and Y0.59Ca0.41TiO3 . Furthermore, the dip-
like spectra have been observed at 200 cm21 for x>0.37 at
12 K and become clear for the higher conductive samp
This low-energy response cannot be explained by
phonons. It might be originated from the electronic or ma
2-5
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FIG. 7. Temperature dependence of phonon energies ofP1 and
P2 in a(b,b)ā for Y0.62Ca0.38TiO3 from 297 K down to 12 K and
from 12 K up to 130 K. Temperature dependence of the pho
energies for Y0.63Ca0.37TiO3 and Y0.59Ca0.41TiO3 from room tem-
perature to 12 K are also shown for comparison.
02410
netic excitation. Thus, the anomalous low-energy spectra
probably due to the electronic excitation, judging from
magnetic fluctuation forx>0.37. The further line-shape
analysis for the low-energy excitations has not been p
ceeded, since the electronic density of state is unclear at
stage.

IV. DISCUSSION

From the present experiments, the following results
clarified for Y12xCaxTiO3 in relation to the MI transition.
The peaks ofP1 andP2 in x50.38 show a drastic intensity
increase belowTMI and are the phonons with the orthorhom
bic symmetry. However, the mechanism of this property
not clear, since the intensity-increase ofP1 andP2 is highly
anisotropic and has the large temperature hysteresis as s
in Fig. 6~a!. We discuss these unclear properties and rem
ing problems.

n

TABLE II. The assigned phonons~cm21! by the symmetry of
Pbnmat 12 K in a(b,b)ā for x50.38 and 0.41 samples. Measur
ment accuracy61 cm21 for sharp/strong peaks and65 cm21 for
broad/weak peaks.

Mode x50.38 x50.41

Ag(1) 148 149
Ag(2) 181 179
Ag(4) 311 310
Ag(5) 389 388
Ag(6) 445 443
Ag(7) 495
n
t
c to the

om
TABLE III. Qualitative comparison of the temperature dependence of the peak intensity at aroundTMI in the decreasing process i
Y0.62Ca0.38TiO3 and Y0.59Ca0.41TiO3 . The observed temperatures of drastic increase ofP1 andP2 (TA) are written in the table. The peak a
about 340 or 500 cm21 is the peak observed below 200 K and correspond to the structural phase transition from the orthorhombi

monoclinic phase, as shown by the arrow in Figs. 5~a!, 5~b!, and 6~a!. In b(a,a)b̄, the peak cannot be separated the monoclinic one fr
the Ag(7) mode atx50.38, as shown Fig. 4~b!. We note that measurements were performed in the same sample atx50.38 and 0.41,
respectively.

x polarization geometry P1 andP2 monoclinic peak broad peak at 650 cm21

0.38 b(a,a)b̄ continuous increase remain remain

c(a,a) c̄ not observed remain remain
a(b,b)ā 12 K disappear disappear
c(b,b) c̄ 12 K disappear disappear
a(c,c)ā 50 K disappear disappear

b(c,c)b̄ 100 K disappear disappear

c(a,b) c̄ 12 K no peak disappear

b(a,c)b̄ 100 K a little decrease disappear

a(b,c)ā 12 K disappear disappear

0.41 c(a,a) c̄ continuous increase;200 K no peak a little peak
a(b,b)ā continuous increase;200 K no peak a little peak

b(c,c)b̄ continuous increase;200 K no peak a little peak

c(a,b) c̄ continuous increase;130 K no peak a little peak

b(a,c)b̄ continuous increase;130 K no peak a little peak

a(b,c)ā continuous increase;130 K no peak a little peak
2-6
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FIG. 8. Temperature dependence ofc(a,b) c̄
for ~a! Y0.63Ca0.37TiO3 and ~b! Y0.59Ca0.41TiO3 .
Closed circles denote the assigned phonons
Pbnm. Remarkable peaks are marked byP1 or
P2 .
ve
d
in
th
-

de

2
th
th

th

no
io
e

th
%

no
b

so

all
it
t
no
s
in

n

o

o

r

ins
to
no-

fies
e
o-
at

m-
the

ruc-
rder
tion
ain
ing
e
an-

. In
is

netic

ng
r

The intensity-increase temperature ofP1 and P2 is not
systematic as shown in Table III. To clarify this, we ha
measured the anisotropy of resistivity of our sample use
the Raman scattering measurements by a four-term
method. The results are shown in Fig. 9. In our sample,
resistivity along thea andc axes clearly show the MI tran
sition around 120 K, but that along theb axis is similar to the
reported results forx50.37.5 The results of the resistivity do
not give us the plausible conclusion for the polarization
pendence of the intensity-increasedP1 and P2 , since they
are observed in most of the polarization geometries at 1
in the polycrystalline sample. Thus, we cannot proceed
discussion based on the experimental evidences for
problem.

Next we discuss the effect of the monoclinic phase on
MI transition in the Y12xCaxTiO3 system. According to Kato
et al., the resistivity ofx50.41 is metallic between room
temperature and 1.5 K, and the volume fraction of the mo
clinic phase is less than 40% in the same temperature reg
while the MI transition occurs for the volume fraction of th
monoclinic phase less than 50% forx50.39.5 It can be de-
duced from the above that the MI transition occurs for
volume fraction of the orthorhombic phase greater than 50
Thus, the existence of the large volume fraction of the mo
clinic phase changes the insulator, and the orthorhom
structure plays the important role for the MI transition atx
50.38. As the relation of this discussion, we note the rea
of the abrupt intensity-increase ofP1 and P2 below TMI at
x50.38. Forx50.41, the observed Raman spectra gradu
change from room temperature to the low temperatures w
out any remarkable change. Thus, this result suggests tha
intensity increase is caused by a switching from the mo
clinic phase to the orthorhombic one, where the intensitie
P1 andP2 are strong at the low temperature. Such switch
is also observed in the energies ofP1 andP2 .

For x50.38 and x50.41, according to the x-ray
experiments,5 the monoclinic angle isb ~angle betweena
andc axes! below 200 K. The precise critical concentratio
of the monoclinic angle froma at x50 to b at x>0.37 has
not been reported. In this monoclinic structure withb
Þ90°, theAg modes appear in the polarization geometries
~a,a!, ~b,b!, ~c,c!, and ~a,c!, andBg in ~a,b! and ~b,c! for x
50.38 andx50.41. We emphasize that intensity increases
P1 andP2 are observed even inc(a,b) c̄ anda(b,c)ā @Figs.
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4~b! and 4~c!# at 12 K, of which the symmetry isBg for
monoclinic or B1g /B3g for orthorhombic. Thus, this poo
polarization dependence ofP1 and P2 suggests the random
orientation of the principle axes of the orthorhombic gra
belowTMI at x50.38. This two-phase state reported by Ka
et al.5 is also observed by Raman scattering, since the mo
clinic peak at about 500 cm21 exists even at 12 K below
TMI , as shown in Fig. 4~b!.

At room temperature the polarization dependence satis
the symmetry ofPbnm, but it is broken at low temperatur
even forx50.41. The reported volume fraction of the mon
clinic is 15% at 20 K. Thus, the orthorhombic structure
low temperature might be different from that at room te
perature or be the complicated mosaic structure due to
two-phase coexistence. In the latter, the orthorhombic st
ture might be the same as that at room temperature. In o
to understand this problem, the experimental determina
of the size of each grain and the structure at the dom
boundary is important by electron microscopy or scann
tunneling microscopy. These information will tell us th
mechanism of the poor polarization dependence and the
isotropic appearances ofP1 andP2 .

The similar phase separation is reported in manganites
this system, it has been recognized that MI transition
caused by the electronic phase separations into ferromag

FIG. 9. Temperature dependence of electrical resistivity alo
the a, b, and c axes from room temperature down to 4.2 K fo
Y0.62Ca0.38TiO3 .
2-7
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metallic domains and charge ordered insulat
domains.14–16 The size of domains is estimated on a leng
scales of 20–30 nm in La0.5Ca0.5MnO3 by an electron
microscopy.15

Finally, we summarize the remaining problems. A norm
mode analysis is necessary to clarify the mechanism of
intensity-increase ofP1 and P2 . As described above, th
measurements of the grain size by electron microscopy
scanning tunneling microscopy is the most important exp
ment to clarify the mechanism of the MI transition
Y12xCaxTiO3 .

V. SUMMARY

We have systematically studied the Raman scatte
spectra of single crystalline Y12xCaxTiO3 . The phase tran-
sition from the orthorhombic phase to the monoclinic o
occurs below 200 K inx<0.38. The phase separation fro
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