PHYSICAL REVIEW B 66, 132102 (2002

Raman spectroscopy of CaCiyili 04,

N. Kolev;! R. P. Bontche¥,A. J. JacobsoA,V. N. PopoV? V. G. Hadjiev! A. P. Litvinchuk! and M. N. lliev
Texas Center for Superconductivity and Advanced Materials and Department of Physics, University of Houston,
Houston, Texas 77204-5002
°NSF Material Research Science and Engineering Center and Department of Chemistry, University of Houston,
Houston, Texas 77204-5500
SFaculty of Physics, University of Sofia, 1164 Sofia, Bulgaria
(Received 5 February 2002; published 4 October 2002

The polarized Raman spectra of CaCiuO,, (CCTO) single crystals were studied between 10 and 600 K.
Five of the eight (24+2E4+4F ) Raman active modes expected for tme3 structure were observed at
292 (Fg), 445(Ay), 499(E,), 511(A,), and 575F ) cm 1. The assignment of the Raman lines to modes of
definite symmetry and eigenvector was done in close comparison with results of lattice dynamics calculations.
The mode frequency vs temperature dependence exhibits no anomalies in the whole temperature range. This is
consistent with earlier indications that the high value of the dielectric constants and its strong decrease below
100 K are not related to temperature-dependent atomic displacements. An additional Agesyrhimetry,
clearly seen at low temperatures is tentatively assigned to vibrations of distortgedi@hedra, presumably
at twin boundaries.
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CaCyTi,O;, (CCTO) is characterized by unusually high changes. In the far infrared regiom€ 20 cm 1) the real
value of its dielectric function (0-10°), which remains parte;(w) of the dielectric function also increases with de-
constant over wide temperatu(®@00—700 K and frequency creasing temperature. This is opposite to the dramatic de-
(0=f<10® Hz) ranges. The origin of the large polarizability crease ofe;(w) in the near-zero frequency range<@
of CCTO is still unclear. As a rule, the large dipole moments<10 4 cm™! (0=<f<10° Hz) and infers the existence of
in some perovskitelike materials are due to atomic displacevery strong absorption in the microwave frequency range.
ments within a non-centrosymmetrical structure. Recent neu- Raman spectroscopy allows probing the models of polar-
tron powder diffraction studieshowever, have refined the izability by analyzing the number and symmetry of Raman

CCTO structure in the centrosymmetﬂim§ space group Mmodes and searching for anomalies in variations with tem-
(No. 204,Z=2). No indication of phase transition has beenperature of the Raman lines corresponding to different types
found down to 35 Kl Given no structural rearrangement was of atomic motions. |ndeed, Chal’ge redistribution or Ti-shift
detected, Subramaniaet al® suggested that the high value Within the TiO; octahedra should strongly affect the fre-
of the dielectric function could be due to creation of barrierquency of modes involving Ti-O stretching, but to a lesser
layer capacitances, presumably at twin boundaries. The ofgxtent the modes, corresponding to {i@tations. The latter
servation of small length scale twinning in the CCTO singlemodes, however, would be more sensitive to changes of the
crystalg is consistent with such a suggestion. In search forTiOg tilts. The existence of domains of different atomic or-
additional information, the nonpolarized Rarfaand dering at the twin boundaries would result in appearance of
infrared® spectra and their dependence on temperature haveew Raman lines. It is plausible to expect that the degree of
also been measured. The reported Raman spectrum consisttefinning will depend on sample technology and, therefore,
several sharp lines, which exhibit no broadening or splittingthe twin-boundary-related structures in the Raman spectrum
at low temperatures that may indicate change of the longwill be sample dependent.

range order and transition to lower symmetry staexcept In this paper we report the polarized Raman spectra of
for the sharp lines, a Raman continuum scattering, mosbriented microcrystals of CCTO. The symmetry of all ob-
clearly pronounced between 220 and 400 ¢mis present. served Raman lines was determined from their polarization
The origin of this continuum, which decreases sharply belowproperties, whereas the assignment to definite atomic mo-
100 K, is unclear. The complex dielectric function in the tions was done in close comparison with the calculations of
phonon energy range has been determined from a Kramerkittice dynamics. The frequency vs temperature dependence
Kronig analysis of the infrared reflectantét has been es- for the most pronounced Raman lines corresponding to
tablished that the high-frequency infrared-active lattice vi-modes dominated by either TiQGilts or Ti-O stretching was
brations (above ~300 cmi'!) have normal behavior, i.e., studied between 20 and 600 K. The observation of additional
harden and narrow, with decreasing temperature. In contradtne of Ay is discussed in terms of coexistence of domains of
the low frequency modes soften and display an anomaloudifferent atomic arrangement, presumably at the twin bound-
increase of the oscillator strength belewl00 K. It has been aries.

speculated that the change of the oscillator strength could be Samples of CaGiTi,0;, were prepared by a conventional
due to a redistribution of the formal charge within the §iO ceramic method from CaGQ CuO and TiQ starting mate-
octahedra, without associated commensurate structuraials. A stoichiometric mixture of the reagents was initially
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TABLE I. Wyckoff notations, atomic site symmetries, fractional atomic coordinates, and irreducible representatmoiat(phonon

modes for CaCyTi, O, (Space grou;bm?, No. 204,Z2=2). The corresponding Raman tensors and expected intensities in the four available
exact scattering configurations are also given.

Wickoff Site I"-point
Atom notation symmetry X y z phonon modes
Ca 2a Th 0.000 0.000 0.000 Fu
Cu 6b Dy, 0.000 0.500 0.500 B,
Ti 8c S 0.250 0.250 0.250 A,+E,+3F,
@) 249 Cs 0.303 0.179 0.000 Ry+ A+ 2E+E +4F,+5F,

Modes classification
I'ramar= 2Ag'i'ZEg'i"“:g INr=11F, TacousicFu  Tsien=2Aut+2E,

Raman tensors

a 0 0 b o o0][-y3 0 0 0 0 0][o o0 d]f[o d o

A—~|0 a 0| E~[0 b 0 || © Jy3b 0 Fe—|0 0 df|0 0 Ofd 0 O

0 0 a 0 0 —2b 0 0 O 0 d 0J][d O OJ]|[0O O O

Scattering Expected Raman intensities

configuration Aq Eq Fq
XX a 4b? 0
Xy 0 0 d?
x'x' a’? b2 d?
X'y’ 0 3b? 0

heated in air at 800 °C to decompose the calcium carbonatéMicrostat’®, Oxford Instruments where the temperature
The product was then pressed into pellets and re-fired to eould be varied between 10 and 300 K, was used. The mea-
final temperature of 1050 °C in air. By powder x-ray diffrac- surements at higher temperatue® to 700 K were per-
tion, the final product was found to be a single body-centeredormed in air using a homemade heating attachment.
cubic phase with a lattice parameter of 7.8962—close to The site-symmetry analy$is of the perovskitelike
the value reported in the literatut&canning electron micro- CaCuyTi,O;, shows that itdm3 structure yields a total of 24
graph(JEOL JSM 6400 SEMshowed uniform facelet par- ["-point phonons(see Table )l Eight of them are Raman
ticles in the size range 5-20m and no evidence for pres- active (2A4+2E4+4F,). In the available scattering con-
ence of additional phases. figurations, the Raman allowetl; modes are expected to
The polarized Raman spectra were collected in backwar@ppear in the paralleix andx’x’ and should not be seen in
scattering configuration using a single spectrometer equipp&fie crossedy and x'y’ polarization. The first and second
with a microscope, notch filters and liquid-nitrogen-cooled|etters in these notations denote the polarizations of the inci-
CCD detector. It was assumed that the rectangular microgent and scattered light, respectively. TEg modes are al-
rystal surfaces coincide with they planes and the edges are |gyed in thexx, x'x’, andx’y’ polarizations with relative
along eithex(y) or x'(y’) direction, wherex, y, x', andy’  intensities of 4, 1, and 3, respectively, and are forbidden in
denote[100], [010], [110], and[110] crystallographic direc-  the xy polarization. As toF, modes, they are expected to
tions, respectively. The polarization properties of the Ramamppear with the same intensity in thgandx’x’ configura-
lines (see also Table)lconfirm that the microcrystal edges tions.
are alongx’ (ory’) directions. To assign the Raman lines to definite atomic vibrations,
For low-temperature measurements an optical cryostaie performed lattice dynamical calculatiofisDC’s), which

TABLE Il. Shell model parameters for the LDC of CCTO.

lon Z (le)) Y (le]) a (A% lonic pair a (eV) b (A 1 c (eV A%
Ca 1.90 35 15 Ca-O 942 2.69 0
Cu 1.90 3.0 1.3 Cu-O 1400 3.55 0
Ti 3.80 2.0 0.2 Ti-O 3050 3.55 0
O —1.90 -3.0 2.0 0O-0 22764 6.710 20.37
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_ v TABLE Ill. Theoretical and experimental values and the main
0 CaCusTis0O12 5 WX atomic motions of the Raman active modes in CATAO;,.
E| 300K oo
S Mode LDC Exp Main atomic motions
S cm cm™?
% Aqg(1) 428 445 TiQ rotationlike, see Fig. 2
E Aq(2) 512 511 TiQ rotationlike, see Fig. 2
= Eq(1) 318 TiQ; rotationlike
© E4(2) 548 499 TiQ rotationlike
5 Eo Xy Fg(1) 280 292 Tu_Q rotatfonlfke
E Fq(2) 405 400? Ti@ rotationlike
brd Fq(3) 574 575 O-Ti-O antistretching
P | Ag+EgrFg Fo(4) 708 O-Ti-O stretchingbreathing

200 300 400 500 600 700
RAMAN SHIFT (cm-1)

4 shows the temperature dependence of the position of the
main peaks in the Raman spectra. The experimental points
for the Ay andF lines at~511 and~575 cm ! follow in a
good approximation the expected dependence for tempera-
ture shift due to anharmonic phonon de€ay,

FIG. 1. Polarized Raman spectra of CagliyO,, (CCTO) at
room temperature.

predicted both the eigenfrequencies and eigenvectors of the
phonon modes. CCTO is mostly ionic and for this reason the
LDC were carried out within a shell mod&ln this model

the ions are considered as a three-dimensional periodic arr%’herew andC for the case of single crystal have the values
. - i \ 0
of point charges which interact with each other through long of 520.5 and 4.9 cm’ (585.8 and 6.4 cm?), respectively,

range interactions modelled by Coulomb potentials. The reandx—ﬁ kT
ulsion of the electron densities of neighboring ions is de- — oLl .
P g 9 The position of the lowesA; mode at~445 cm s

scribed by a short-range potential of the Born-Mayer- . . .

Buckingham form practically independent on temperature with tendency of
softening below 100 K. A careful observation of the line

profile of the~445 cm ! peak at low temperaturg&ig. 3)

V=aexp —br)— c/rb, )
L reveals two superimposed components centered at 20 K at
wherea, b, andc are parameters ands the interionic sepa-

ration. Finally, a simple model of the deformability of the
electron shells of the ions is used in which an ion is repre- \
sented as a point charged core coupled with a force constant
k to a charged massless shell with chaxgaround it. The
free ion polarizability is then given by the formula
=Y?/k. The values of model parametdsee Table )l were
taken from Ref. 5. Small changes were required for the val-
ues of some of the parameters in order to fulfill the equilib-
rium conditions. The polarized Raman spectra from single
microcrystals of CCTO, as obtained at room temperature
with several exact scattering configurations, are shown in
Fig. 1. The Raman lines at 445 and 511 cnhave exach
symmetry. One line ok, symmetry is well pronounced at
499 cm ! in the xy spectrum. It is also seen as a shoulder in
the xx and x'y" spectra. Two lines of, symmetry are
clearly pronounced at 292 and 575 ¢hin the xy andx’x’
spectra. The weak steplike continuum scattering above
220 cm t is observed in only paralletx andx’x’ configu-
rations, i.e., it is ofA; symmetry. The positions of the most
lines in the Raman spectra are in a good agreement with
those predicted by the calculations of lattice dynamics. This
allows one to assign unambiguously the experimentally ob-
served lines to definite atomic motions as shown in Table IlI
[see also Fig. @)].

The temperature variation of the Raman spectra between FIG. 2. Oxygen motions in tha, modes and possible structure
20 and 600 K(Fig. 3) does not exhibit any anomalies. Figure of the twin boundaries in CCTO.

1+

wp(T)=wo—C , 2

e“—1

b Ag(1) Ag(2)
427 cm-1

511 cm-1
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RAMAN SHIFT (cm-1) In conclusion, the Raman spectra of CCTO microcrystals

o _ were measured in various scattering configurations. The
FIG. 3. Variations with temperature of the Raman spectra ofain Raman lines were assigned to definite phonon modes in
CCTO. The scattering configuration is closexta’. A shoulder of  ¢jose comparison with results of lattice dynamical calcula-
Ag symmetry is clearly seen at low temperatures on the high fretions, No evidence for structural phase transition was found
quency side of the 445 cnt peak. in the temperature range between 20 and 600 K. The obser-
vation of additional Raman modes of nominally, symme-
try is consistent with coexistence of domains of different

445+ 1 and 456-2 cm !. These components become indis- . : .
. . . . atomic arrangement, presumably at the twin boundaries.
tinguishable at higher temperatures. It is worth noting here

that although similar motions are predicted for the tig This work was supported in part by the State of Texas
modes[see Fig. 2a)], only the low frequencyA; mode ex-  through the Texas Center for Superconductivity and Ad-
hibits splitting. The relative intensity of the additiondl,  vanced MaterialsTCSAM) at the University of Houston and
component is spot dependent. We tentatively assign this viey the MRSEC program of the National Science Foundation
bration the distorted Ti© octahedra constituting the twin under Grant No. DMR-9632667.
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