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Raman spectroscopy of CaMnO3: Mode assignment and relationship
between Raman line intensities and structural distortions
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Polarized Raman spectra of oriented finely twinned CaMnO3 thin films and nonpolarized Raman spectra of
CaMnO3 ceramics were studied at room temperature using several excitation laser wavelengths. The selection
rules for the polarized Raman spectra, obtained from samples consisting of finely twinned orthorhombic
domains, were calculated and the symmetry of all observed Raman lines was determined. The relationship
between the intensity of the Raman lines and the distortions in theABO3 perovskites with GdFeO3-type
structure is discussed. These distortions can be described as superposition of four simple basic distortions: two
MnO6 octahedral tilts, Jahn-Teller deformation of Mn31 O6 octahedra, and shift of theA ions from their sites
in the ideal perovskite. Twenty of the 24 Raman-allowed modes in the real GdFeO3-type structure have
counterparts inonly oneof the four simpler structures, obtained by a single basic distortion. The assignment of
the Raman lines of CaMnO3 to definite atomic vibrations, most of them activated by a single basic distortion,
was made in close comparison with the results of lattice dynamical calculations and the Raman spectra of
isostructural LaMnO3 and CaGeO3.
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I. INTRODUCTION

The phenomenoncolossal magnetoresistance~CMR!,
characterized by strong interplay of structural, magnetic,
transport properties, is most clearly pronounced in mix
valence perovskite manganitesR12xAxMnO3 (R5rare earth
element,A5Ca, Sr, Ba, Pb, . . .!, and La12xCaxMnO3 is one
of the most studied CMR systems.1 In the past few years
there have been several reports on the structure of these
terials, in particular on their structural transformation up
doping and temperature variation near the temperature
the magnetic phase transitions.1,2 Ca21 has an ionic radius o
1.34 Å, i.e., very close to that of La31 of 1.36 Å. Unlike
other perovskite manganites, the averaged structure
La12xCaxMnO3 remains orthorhombic in the entire substit
tional range at temperatures below;700 K. However, the
radii of Mn31(t2g

3 eg
1) and Mn41(t2g

3 ), which coexist at inter-
mediate values ofx, differ significantly. Mn31 (0.58 Å),
which is a Jahn-Teller~JT! ion, is larger than the non-Jahn
Teller Mn41 (0.53 Å). Furthermore, theeg electron of
Mn31 has an orbital degree of freedom. While the super
change coupling between Mn41 is antiferromagnetic, the su
perexchange interaction between Mn31 ions depends on the
relative orbital ordering and can be antiferromagnetic or f
romagnetic. In addition, there is a ferromagnetic coupl
between Mn31 and Mn41 through the double-exchang
mechanism. All this results in a complicated phase diagr
reflecting the sensitive interrelations of charge carrier c
centration, magnetic couplings, and structural distortions

The experimental data accumulated so far provide str
evidence that at a microscopic level the structure
La12xCaxMnO3 can be described within a single
0163-1829/2002/65~18!/184301~9!/$20.00 65 1843
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crystallographic phase only for the limiting casesx50 and
x51. To some extent this could be true also for compoun
corresponding tox5N/8 (N51,3,4,5), where commensura
charge and orbital ordering at low temperatures have b
experimentally confirmed.3 In the general case, in particula
at low temperatures, the structure of La12xCaxMnO3 rather
consists of coexisting domains of different phases with re
tive weight that varies with doping, temperature, and appl
magnetic field. It is reasonable to assume that the structur
these phases is closely related to those of LaMnO3,
La0.5Ca0.5MnO3, and CaMnO3, although definite differences
due to dynamical reduction of the Jahn-Teller distortion
the ferromagnetic conducting state or disorder of the type
Jahn-Teller-liquid or Jahn-Teller-glass in the insulating st
may occur. In any case, the identification of these phases
the monitoring of their mutual transformations are essen
for understanding the correlations between structural, m
netic, and transport properties of manganites.

Raman spectroscopy is among the few experimental te
niques capable to detect coexisting domains of size, com
rable to the lattice constant. The identification of m
crophases in La12xCaxMnO3 requires a good knowledge o
the spectra of LaMnO3, La0.5Ca0.5MnO3, and CaMnO3 and
of the effects of particular lattice distortions on the Ram
spectra. The spectra of orthorhombic LaMnO3 are well
known.4 Recently, the spectra of La0.5Ca0.5MnO3 have also
been analyzed.5 In this work we present and analyze th
polarized Raman spectra of CaMnO3 using a more genera
approach. This approach is based on the fact that the la
distortions in theABO3 perovskites of GdFeO3-type struc-
ture can be described as a superposition of four simple b
distortions: two MnO6 octahedral tilts, Jahn-Teller deforma
©2002 The American Physical Society01-1
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ion of Mn31 O6 octahedra, and a shift of theA ions from
their sites in the ideal perovskite. Twenty of the 24 Ram
allowed modes in the real GdFeO3-type structure have coun
terparts in only one of the four simpler structures obtained
a single basic distortion. Therefore, neglecting resonance
fects, the intensity of most of the Raman lines is determin
mainly by the magnitude ofonly onebasic distortion. On the
basis of such considerations, the results of lattice dynam
calculations and by comparison with the spectra of isostr
tural LaMnO3 and CaGeO3, the Raman lines of CaMnO3
were assigned to definite phonon modes.

II. EXPERIMENT

A. Samples

Thin films of CaMnO3 were deposited on single-cryst
substrates of SrTiO3 and LaAlO3 with quasicubic~100! sur-
face orientation by laser ablation of single ceramic tar
with stoichiometric composition. A Lambda-Physik LPX21
krypton-fluorine excimer laser~wavelength 248 nm, pulse
length 30 ns, repetition rate 5 Hz! was used to deliver a flow
of 1.5 J/cm2 per pulse within a 234 mm2 spot on the tar-
get surface. The substrate was positioned on a heated h
against the ablated material plasma plume at a distance o
mm. To ensure highly oriented growth, the substrate w
kept at 780 °C during the deposition. The ablation was c
ried out in oxygen at a pressure of 40 Pa, which was foun
be optimal for the plasma plume formation. After the dep
sition, the chamber was filled with oxygen up to 0.9 atm a
the samples were slowly cooled down with a rate
10 °C/min. The last step was taken to prevent oxygen l
from the film. Under these conditions, the deposition r
was 0.05 nm/pulse and the film thickness was'150 nm.

The film crystal lattice quality was investigated by x-ra
diffraction ~XRD! with a Bruker D5000 four-circle diffrac-
tometer. In both cases CaMnO3 /LaAlO3 and
CaMnO3 /SrTiO3, only ~00l! reflections from the films were
observed in theQ-2Q diffraction patterns, which evidence
highly ordered crystal lattice in the direction perpendicular
the substrate surface plane~100!. In-plane epitaxial growth
was confirmed byw-scan XRD. The peaks resulting from th
film lattice fourfold symmetry matched the correspondi
peaks from the substrates and no other peaks were regist
Omega-scan XRD~rocking curves! was used to compare th
crystal lattice perfection of the two films. The full width a
half maximum ~FWHM! of CaMnO3 ~002! reflections re-
vealed that the film grown on LaAlO3 substrate is slightly
better ordered (FWHM50.36°) than the film grown on
SrTiO3 (FWHM50.40°).

The ceramic samples of CaMnO3 were prepared by solid
state reaction of CaO and MnO2. A 1:1 stoichiometric pow-
der mixture of the oxides was calcinated in air at 900 °C
16 h. The material was reground twice, pressed, and sint
in air at 1100 °C for 16 h. The lattice parameters, as de
mined by x-ray powder diffraction, were in agreement w
Ref. 6.
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B. Raman spectroscopy and lattice dynamical calculations

The Raman spectra were measured using a Dilor XY8
triple-grating spectrometer equipped with a microscope
liquid-nitrogen-cooled charge-coupled device detector.
lines in the range of photon energies from 1.83 eV~676 nm!
to 2.71 eV~458 nm! from an Ar1-Kr1 laser were used for
excitation. A 1003 objective was used to both focus th
incident laser beam onto a spot of about 2mm in diameter
and to collect the scattered light in a backscattering geo
etry. The laser power on the spot was kept at 1 mW for
wavelengths. The polarization of the incident laser light w
selected with the use of an achromatic half-wavelength p
and a polarizer filter. The scattered light was analyzed us
a second polarizer filter. At all experimental conditions ad
tional reference spectra from a metallic mirror~for removal
of the plasma lines!, from a single crystal of silicon~for
correction of the different sensitivity of the spectrometer
different scattering configurations!, and from a single crysta
of BaF2 ~for correction of the sensitivity of the spectromet
for different laser excitation wavelengths! were collected.

The lattice-dynamical calculations~LDC’s! of CaMnO3
are accomplished within a shell model.7 This predominantly
ionic compound is described in this model as a thr
dimensional system of point chargesZ which interact with
each other through Coulomb interactions. The repulsion
the electron subsystems of the neighboring ions is descr
by introducing short-range forces of the Born-Maye
Buckingham form

V5a exp~2br !2
c

r 6
, ~2.1!

where a, b, and c are parameters, andr is the interionic
separation. Finally, a simple model of the deformability
the electron shells of the ions is used in which an ion
represented as a point charged core with chargeZ2Y
coupled with a force constantk to a charged massless she
with chargeY around it. The free ion polarizabilitya is then
given by

a5
Y2

k
. ~2.2!

The values of model parameters~listed in Table I! for Ca and
O were taken from Ref. 7 and for Mn were derived by use
the equilibrium conditions.

TABLE I. Shell model parameters.

Ion Z (ueu) Y (ueu) a (Å3)
Ionic
pair a ~eV! b (Å21) c ~eV Å6)

Ca 1.90 3.5 1.5 Ca-O 840 2.72 0
Mn 3.80 2.3 0.01 Mn-O 900 2.67 0
O 21.90 23.0 2.0 O-O 22764 6.710 20.37
1-2
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III. RESULTS AND DISCUSSION

A. Determination of the symmetry of the Raman lines

Polarized Raman spectra of CaMnO3 thin film deposited
on LaAlO3 substrate are shown in Figs. 1~a!–1~d! in four
different scattering configurations (xx, y8x8, x8x8 and yx)
for four ~488, 515, 568, and 647 nm! laser excitation wave-
lengths. The first and second symbols in the Porto’s no
tions, indicating the scattering configuration, are the dir
tion of the polarization of the incident and scattered lig
respectively, wherex, y, x8, andy8 are parallel to the qua
sicubic@100#, @010#, @110#, and@ 1̄10# crystal directions. The
xx-x8x8 and yx-y8x8 pairs of spectra are essentially diffe
ent: evidence that the investigated thin film is oriented.
the other hand, attempts to find different types spectra forxx
and yy ~or x8x8 and y8y8) polarizations failed, indicating
that the thin film is finely twinned on the scale of the las
spot size.

The symmetry of a Raman line can be determined by
presence, absence, or change in the relative intensity in s
tra measured in some exact scattering configurations~with
polarizations of the incident and scattered light along so
simple crystallographic directions!. We calculated the inten
sities of all types of Raman-active modes in the polarizat
configurations used, accounting for the six possible orien
tions of thePnmaorthorhombic twins in the laboratory sys
tem, connected with the quasicubic axes.8 It was assumed
that the scattering volumes for the twins of each orientat
are equal~i.e., no texturing! and that the medium is opticall
quasi-isotropic~weak dependence of the refractive index
the crystal direction!. The results are shown in Table II.9 As
it follows from Table II, depending on the variations of th
intensities in the four experimental scattering configuratio
the Raman lines can be divided into three groups. The li
corresponding to modes ofB1g andB3g symmetry are undis-
tinguishable and they both should be observed with eq
intensities only in x8x8 and yx configurations. ForB2g
modes the ratio of the intensities in thexx, y8x8, andx8x8
spectra should be4:3:1 andthey are not allowed in theyx
spectra. As the Raman tensor for theAg modes contains thre
independent parameters, theAg lines may have different in-
tensity ratio in the four types of spectra and only the simp
cases are given in Table II.10,11 Using Table II we can assign
the lines at 564, 320, and 179 cm21 to modes ofB1g or B3g
symmetry, the lines at 465 and 258 cm21 to B2g modes, and
the remaining lines at 615, 487, 438, 382, 322, 278, 2
184, 160, and 150 cm21 to Ag symmetry.

The Raman spectra obtained from the other CaMnO3 thin
film deposited on SrTiO3 substrate contained lines located
the same wave numbers; i.e., none of the observed line
substrate related.12 For the latter film, however, there was
tendency for equalization of the spectra in parallel (xx and
x8x8) and crossed (yx and y8x8) polarizations and for a
deviation from the selection rules of Table II. This indicat
a break of domain orientation, which is not unexpected as
mismatch between the quasicubic lattice constants
CaMnO3 and SrTiO3 is larger ~4.8%, aCMO53.73 Å,aSTO
53.91 Å) compared to that between CaMnO3 and LaAlO3
~1.6%,aLAO53.79 Å).
18430
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FIG. 1. Polarized Raman spectra at room temperature obta
from the surface of CaMnO3 thin film on LaAlO3 substrate with
different laser wavelength~a! 488 nm,~b! 515 nm,~c! 568 nm, and
~d! 647 nm. The scattering configuration for each spectrum is in
cated.x, y, x8, and y8 are parallel to the quasicubic@100#, @010#,

@110#, and @ 1̄10# directions, respectively. The bottom panel~e!
shows the nonpolarized spectra of bulk CaMnO3 and of an impurity
phase.
1-3
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M. V. ABRASHEV et al. PHYSICAL REVIEW B 65 184301
Some of the Raman lines exhibit strong resonant beh
ior. The intensity of the 487, 278, and 160 cm21 lines in-
creases with the increasing excitation wavelength. The li
at 564, 322, 258, 243, 184, and 179 cm21 show opposite
behavior. It appears that an appropriate laser line for sim
taneous observation of all Raman lines of CaMnO3 is 515
nm. By chance this laser line is most often used and our
nm Raman spectra and those obtained with 515 nm line f
CaMnO3 ceramic samples by Liarokapiset al.13 and Gra-
nado et al.14,15 are very similar. The only difference is th
additional line at 615 cm21 in our thin-film spectra. The
615 cm21 line, however, was absent in spectra measu
from grains of unknown orientation in CaMnO3 ceramics
@see Fig. 1~e!#. Instead, the ceramics contains an unidentifi
yellow-reddish impurity phase. The Raman spectrum of t
phase contains a very intense line at 612 cm21, indicating
that the presence of the 615 cm21 in the thin-film spectra is
due to a secondary phase.

B. Model of the basic structural distortions

In this section, the effect of the structural distortions
the intensity of the Raman lines will be discussed. The s
ichiometric CaMnO3 and LaMnO3 crystallize in the
GdFeO3-type structure,16 described by thePnma space
group (D2h

16 , No. 62!. This structure can be considered
orthorhombically distorted superstructure of the ideal cu
ABO3 perovskite and its unit cell (A2ap32ap3A2ap) con-
tains four formula units~ideal perovskite unit cells! ~see Fig.
2!. La~Ca!, Mn, O~1!, and O~2! occupy sites withCs

xz , Ci ,
Cs

xz , andC1 site symmetry, respectively~see Table III!. The
Mn atoms do not participate in the 24 (7Ag15B1g17B2g
15B3g) Raman-allowed phonon modes. Due to the atom
site symmetries, 5 out the 12 atomic coordinates are fix
The Pnmastructure can thus be considered as having se
structural degrees of freedom@La~Ca! ~2!, Mn ~0!, O~1! ~2!,
O~2! ~3!#.17 The atomic coordinates can be rewritten in
form where the variables are the difference between the
coordinate and the coordinate in the ideal cubic perovs
structure, so that these variables can be regarded as p
bations. The change of each of these seven variables, h
ever, leads to distorted structures without simple phys
meaning. However, they can be grouped into four group
such a manner that the variation of the new ‘‘variables’’~fur-
ther called ‘‘basic distortions’’! will result in superstructures
with well-defined lattice distortions.

TABLE II. Calculated intensities~in arbitrary units! of the Ra-
man lines in different polarization geometries.a,b, and c are the
nonzero components of the Raman tensor ofAg modes.

Symmetry Polarization
of the modes xx[yy y8x8 x8x8[y8y8 yx

B1g or B3g 0 0 1 1
B2g 4 3 1 0
Ag (a5b5c) 1 0 1 0
Ag (a5c!b) 2 1 1 0
Ag (a5c@b) 4 1 3 0
18430
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The first basic distortionD [101] , which includes three of
the variables, is a rotation~tilt ! of the MnO6 octahedra con-
sidered as rigid polyhedra around the@101# cubic axis. The
resulting structure is orthorhombic~space groupImma) with
body-centered unit cellA2ap32ap3A2ap ~see Table III and
Fig. 2!. The quantitative measure ofD [101] is the angle of the
rotation. If the distortion is small, the angle of rotation
equal to 2A2uzO(1)u ~or 4A2uyO(2)u as if the octahedra are
rigid, uzO(1)u52uyO(2)u).

The secondbasic distortionD [010] is a rotation of the
MnO6 octahedra, considered again as rigid polyhed
around the@010# cubic axis. The resulting structure is tetra
onal ~space groupP4/mbm) with unit cell A2ap3A2ap
3ap ~in the tetragonal basis!. The measure ofD [010] is again
the angle of rotation, which, if the distortion is small,
equal to 2uxO(2)2zO(2)u ~in the Pnmabasis!. The crystallo-
graphic reason for these rotational-like distortions is the m
match between the ionic radiusr a of theA-site atoms~La or
Ca! and the ionic radiusr Mn of Mn measured by the toler
ance factort5(r a1r O)/A2(r Mn1r O) of the perovskitelike
structure.

The classification of the perovskite distortions in terms
tilts of rigid octahedra has been made by Glazer18 and the
simple structures, obtained by only the first or only the s
ond basic distortion, have Glazer notations (a20a2) and
(0b10), respectively. Note, however, that the symmetry
the Imma space group requires only the octahedra to h
four equal Mn-O~2! distances. The Mn-O~2! and Mn-O~1!
bonds can be different and the O~2!-Mn-O~2! and O~1!-Mn-
O~2! angles can differ from 90°. The symmetry of the seco
space groupP4/mbm, requires four equal Mn-O~2! bonds
and right O~2!-Mn-O~2! and O~1!-Mn-O~2! angles, but al-
lows for the Mn-O~1! and Mn-O~2! distances to be different

FIG. 2. The GdFeO3-type crystal structure and the four simple
structures obtained from only one of the proposed basic distorti
1-4
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TABLE III. Wyckoff notation, site symmetry, and atomic position of the atoms in the real crystal struc
with space groupPnma and in the four simpler crystal structures, containing only one of the four b
distortions~given in brackets!. The orientation of the crystal axes is standard for each space group. For
comparison of the unit cells in all cases Mn is in the origin of the coordinate system. The atomic positio
rewritten in a form, wherex, y, andz are small parameters.

Space group,
basic distortion A5La, Ca B5Mn O~1! ~apex! O~2! ~plane!
and unit cell

Pnma ~real! 4c Cs
xz 4a Ci 4c Cs

xz 8d C1

A2ap32ap3A2ap xA , 1
4 , 1

2 1zA
0, 0, 0 xO(1) , 1

4 ,zO(1)
1
4 1xO(2) ,yO(2) , 1

4 1zO(2)

Imma ~rot. @101#! 4e C2v
z 4a C2h

x 4e C2v
z 8g C2

y

A2ap32ap3A2ap 0,1
4 , 1

2 1zA
0, 0, 0 0,1

4 ,zO(1)
1
4 ,yO(2) , 1

4

P4/mbm ~rot. @010#! 2c D2h8 2a C4h 2b C4h 4g C2v8
A2ap3A2ap3ap

a 1
2 ,0,12 0, 0, 0 0,0,12

1
4 1xO(2) , 1

4 2xO(2) ,0

P4/mbm ~JT! 2b C4h 2d D2h8 2c D2h8 4g C2v8
A2ap3A2ap3ap

a, b 1
2 ,0,12 0, 0, 0 0,0,12

1
4 1xO(2) , 1

4 1xO(2) ,0

Cmcm(A shift! 4c C2v
y 4a C2h

x 4c C2v
y 8d Ci

A2ap3A2ap32ap
a 1

2 ,yA , 1
4

0, 0, 0 0,yO(1) , 1
4

1
4 , 1

4 ,0

aThe x, y, andz axes of this cell correspond to thez, x, andy axes in thePnmacell, respectively.
bNonstandard origin.
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It means that, in fact, our model does not need the overs
plification of regarding the MnO6 octahedra as rigid.

The third basic distortionDJT is a deformation of the
MnO6 octahedra so that the Mn„O(2)…4 square transforms to
a rhomb. The resulting structure is tetragonal~space group
P4/mbm) with unit cell A2ap3A2ap3ap ~in the tetragonal
basis; see Fig. 2!. The measure ofDJT is the relative differ-
ence of the two pairs of Mn-O~2! distances
DdMn-O(2) /^dMn-O(2)&. If the distortion is small, it is equal to
2uxO(2)1zO(2)u ~in the Pnma basis!. In the case of Mn31

ions (LaMnO3) this distortion originates from the Jahn
Teller effect, caused by the presence of one electron in
degenerateeg orbital of the Mn31 ion.

The fourth basic distortionDA2shi f t is a shift of the
A-type atoms from their sites in the ideal perovskite inx
direction~in the Pnmabasis!. The resulting structure is als
orthorhombic, but with base-centered unit cellA2ap

3A2ap32ap described by theCmcmspace group~in dif-
18430
-

e

ferent orthorhombic basis compared with the one of the r
Pnma structure; see Fig. 2 and Table III!. The origin for
such a shift can be understood if the oxygen environmen
theA-type atoms is considered. In the ideal cubic perovsk
the A atom is bonded to 12 oxygens with equal bonds~12-
fold environment!. The first three of the above describe
basic distortions change the environment of theA atoms, but
in all cases it remains an even number~the A-O bonds are
distributed in pairs19!. The DA-shi f t transforms the oxygen
environment of theA atom into odd-fold one, making two
A-O~1! bonds in thex direction~in Pnmabasis! the shortest
and longest ones, respectively. The reason for such a ch
can be stereochemical~some peculiarity of the electroni
configuration of the valence shell of theA atom! or crystal-
lographic~large mismatch between the ionic radius of theA
atoms and the radius of the cavity between the 12 oxyge
with a center in the place of theA atom in the ideal cubic
perovskite!.
0
0
1
1

2

TABLE IV. Comparison of the values of the basic distortions in several perovskites.

Compound D [101] D [010] DJT DA-shi f t Ref.
2A2uzO(1)u 4A2uyO(2)u 2uxO(2)2zO(2)u 2uxO(2)1zO(2)u 2xA

YMnO3 ~300 K! 0.4302 0.3366 0.1984 0.0268 0.1610 4
LaMnO3 ~300 K! 0.2107 0.2172 0.1620 0.0644 0.0980 2
LaMnO3 ~798 K! 0.1943 0.2184 0.1204 0.0120 0.0434 2
La0.75Ca0.25MnO3 ~240 K! 0.1839 0.1908 0.1058 0.0030 0.0428 2
La0.75Ca0.25MnO3 ~20 K! 0.1810 0.1880 0.1056 0.0028 0.0426 2
CaMnO3 ~300 K! 0.1865 0.1900 0.1503 0.0012 0.0666 6
CaGeO3 ~300 K! 0.1714 0.1810 0.1346 0.0026 0.0566 2
1-5
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TABLE V. Correlation table between cubic zone-boundary modes~in the idealPm3̄m structure!, corre-
sponding to Raman-active modes in the real orthorhombicPnma structure, and the corresponding Rama
active modes in the simpler structures, containing only one basic distortion. The last column contains
lated frequencies for the Raman-active modes in CaMnO3.

Symmetry Symmetry Corresponding modes in simpler structures Calc. fre

in Pm3̄m in Pnma Imma P4/mbm P4/mbm Cmcm in CaMnO3

rot. @101# rot. @010# Jahn-Teller A shift (cm21)

R1 →B3g(1) B3g – – – 754
M1 →B2g(1) – – B2g – 749
X1 →B1g(1) – – – B3g 743
M3 →Ag(1) – B1g A1g – 555
R12 →B3g(2) B3g – – – 541

↘ B1g(2) B1g – – – 536
M4 →B2g(2) – B2g – – 485

↗ Ag(3) Ag – – – 467
R258 →B3g(3) B3g – – – 459

↘ B2g(3) B2g – – – 453
X5 →B2g(6) – – – B1g 366

↘ Ag(6) – – – Ag 345
X1 →B1g(5) – – – B3g 354
M5 →B3g(4) – →Eg →Eg – 304

↘ B1g(4) – ↗ ↗ – 281

↗ Ag(5) Ag – – – 299
R258 →B2g(5) B2g – – – 292

↘ B3g(5) B3g – – – 290
X5 →Ag(7) – – – Ag 242

↘ B2g(7) – – – B1g 232

↗ Ag(4) Ag – – – 200
R158 →B1g(3) B1g – – – 178

↘ B2g(4) B2g – – – 148
M2 →Ag(2) – A1g B1g – 154
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In Table IV the calculated basic distortions~using struc-
tural data from the literature! for some perovskites related t
CaMnO3 are listed. WhileD [101] , D [010] , and DA-shi f t in
these compounds are comparable~excluding the orthorhom-
bic YMnO3), DJT varies significantly.

C. Group-theoretical analysis and lattice-dynamical
calculations results

Following Danielet al.23 and using the relations betwee
the lattice vectors of the orthorhombic GdFeO3-type struc-
ture with space groupPnma ~regarded as weakly distorted!
and the lattice vectors of the cubic perovskite, it can
shown that the vibrational modes located at theGo(0,0,0)
point of the othorhombic Brillouin zone come from mod
located at the Gc(0,0,0), Rc(

1
2 , 1

2 , 1
2 ), Mc(

1
2 ,0,12 ), and

Xc(0,1
2 ,0) points of the cubic Brillouin zone, whereRc , Mc ,

andXc are zone-boundary points. The Raman-active mo
in the orthorhombicPnma structure@only part of all vibra-
tional modes theGo(0,0,0) point# originate only from the
cubic zone-boundary pointsRc , Mc , andXc and the corre-
lation table is shown in Table V~for the labeling of the cubic
vibrational modes, see Ref. 23!.
18430
e

s

The results of our lattice dynamical calculations f
CaMnO3 are shown in Table V and Fig. 3. Using them w
determined exactly the correspondence between the Ram
active Pnma modes and the cubic zone-boundary mod
~for the numbering of the othorhombic modes, see Fig.!.
On the other hand, in the two simpler tetragonalP4/mbm
structures, the four Raman-active modes are of differ
symmetry and the vibrational pattern of the modes can
determined using only group-theoretical methods. For
two simpler orthorhombicImmaandCmcmstructures there
is more than one Raman-active mode from each type of s
metry, but in this case the linear combination of the symm
try coordinates having the closest vibrational pattern to o
of the modes from the orthorhombicPnmastructure can be
constructed. Having all these results, the one-to-one co
spondence between the cubic zone-boundary modes,
Raman-active modes in thePnmastructure of CaMnO3, and
the Raman-active modes in the four simpler structures, c
taining only one of the four basic distortions, can be ma
~see Table V!. Using Table V we made some general conc
sions. First, the frequencies of thePnmamodes, originating
from a split degenerated cubic zone-boundary mode,
close. This justifies the approach to the distortions in
1-6
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GdFeO3-type structure as to small perturbations. The sec
finding is that 20 out of 24 Raman-activePnmamodes have
an Raman-active counterpart inonly oneof the simpler struc-
tures obtained from one basic distortion. Therefore, at o
of-resonance conditions, the intensity of each of these
modes can be used as a measure of the magnitude o
basic distortion activating the mode. Two of the remaini
four modes,Ag(1) andAg(2), have Raman-active counte
parts in both tetragonal structures, but the correspond
modes have different symmetry in them (A1g and B1g , re-
spectively!. In this case the measured ratio of the nonz
parameters in the Raman tensor of the mode can be us
determine the dominating basic distortion.24 The other two of
the remaining four modes,B1g(4) andB3g(4), have double-
degeneratedEg counterpart in both tetragonal structures.

D. Raman line assignment and comparison to related
compounds

A tentative assignment of the observed Raman lines
CaMnO3 using the results of lattice-dynamical calculations
given in Table VI. First, we point out that there are mo
experimentally observed lines ofAg symmetry~see Fig. 1!
than predicted by group theory. Out of theAg lines only that
at 612 cm21 can unambiguously be treated as a spurio
line connected with traces of an impurity phase. The we
lines at 382 and 438 cm21 also seem to be of different ori
gin since their frequencies differ significantly from the ca

FIG. 3. Vibrational patterns of the Raman-active modes in
GdFeO3-type structure~in the case of CaMnO3). The labeling of
the modes follows Ref. 4.
18430
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culated frequencies for theAg modes. The assignment i
somewhat ambiguous in the frequency range be
200 cm21. While only two Ag lines are expected from th
LDC’s, three lines were observed there. We tentatively
sign the lines at 160 and 184 cm21 to the two properAg(2)
and Ag(4) low-frequency modes. The assignment of t
lines ofB1g andB3g symmetry is also rather ambiguous du
to the impossibility to use scattering configurations whe
B1g or B3g are separately pronounced. Only the line
179 cm21 can easily be associated with theB1g(3) mode
with calculated frequency 178 cm21. The assignment of 320
and 564 cm21 lines toB3g modes is rather arbitrary. Thes
lines may as well representB1g modes.

As follows from Table VI, the strong lines in the Rama
spectra of CaMnO3 correspond to modes activated by th
D [101] andDA-shi f t basic distortions. This is in striking con
trast to the Raman spectra of LaMnO3,4 where the most in-
tensiveB2g(1) line at 611 cm21 is activated by theDJT
basic distortion. A line corresponding to theB2g(1) mode is
not even observed in the spectra of CaMnO3. The explana-
tion of this fact is simple accounting for the values of ba
distortions ~see Table IV!: the DJT basic distortion in
LaMnO3 is almost 60 times larger than in CaMnO3. This
justifies the earlier suggestion12,28 that the intensity of the
;611 cm21 line in manganites is governed by the Jah
Teller distortions.

The structures of CaMnO3 and CaGeO3 have close values
of the basic distortions~see Table IV!. For this reason, simi-
lar relative intensities in the corresponding Raman spe
could be expected. Indeed, such a similarity is seen if
polarized Raman spectra of CaGeO3 ~see Fig. 2a in Ref. 27!
and CaMnO3 ~Fig. 1! are compared. On the other hand, mo
of the weak lines in one of the compounds have no coun
part in the other~see Table VI!. This fact could be explained
by the strong resonant behavior of some Raman mo
clearly seen in Fig. 1. It appears that the proposed dep
dence of the Raman line intensities on the above-defi
basic perovskite distortions can only partially help to det
mine the origin of the Raman lines in the case of mangani
Better predictions of the model can be expected for trans
ent perovskites with GdFeO3 structure, where resonant e
fects are negligible.

IV. CONCLUSIONS

The polarized Raman spectra of oriented CaMnO3 thin
films and nonpolarized Raman spectra of polycrystall
CaMnO3 bulk samples were measured at room tempera
using several laser lines. The symmetry of the Raman li
was determined making use of recalculated selection r
for the case of finely twinnedPnmastructure. The analysis
of the spectra and the assignment of Raman lines to defi
atomic vibrations was done on the basis of symmetry c
siderations, lattice-dynamical calculations, and by comp
son with the Raman spectra of isostructural LaMnO3 and
CaGeO3. We argue that the relative intensity of some Ram
lines can be used as a measure for the basic distortion
perovskites with GdFeO3-type structure.

e
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TABLE VI. Comparison of the calculated and the experimental frequencies of the Raman-active mo
CaGeO3 , CaMnO3, and LaMnO3. The numbering of the modes follows Ref. 4 and Fig. 3. Bold font numb
indicate Raman lines with highest intensity. The basic distortion, activating the mode, is indicated in t
column.

Mode CaGeO3 CaMnO3 LaMnO3 Activating
symmetry Calc. Expt. Calc. Expt. Calc. Expt. distortion
and number Ref. 26 Ref. 27 This paper Ref. 4

Ag(1) 507 – 555 – 582 – rot.@010#, JT
Ag(3) 480 – 467 487 480 493 rot. @101#
Ag(6) 329 328 345 322 263 – A-shift
Ag(5) 292 284 299 278 162 198 rot.@101#
Ag(7) 257 265 242 243 81 140 A-shift
Ag(4) 169 171 200 184 326 284 rot. @101#
Ag(2) 147 151 154 160 246 257 rot.@010#, JT
B2g(1) 524 – 749 – 669 611 JT
B2g(2) 497 526 485 – 509 – rot.@010#
B2g(3) 372 – 453 465 464 481 rot.@101#
B2g(6) 297 – 366 – 369 308 A-shift
B2g(5) 250 – 292 – 150 170 rot.@101#
B2g(7) 225 248 232 258 123 109 A-shift
B2g(4) 161 162 148 – 218 – rot.@101#
B1g(1) 557 – 743 – 693 – A-shift
B1g(2) 413 – 536 – 575 – rot.@101#
B1g(5) 387 358 354 – 182 184 A-shift
B1g(4) 351 237 281 – 347 – rot.@010#, JT
B1g(3) 230 184 178 179 254 – rot.@101#
B3g(1) 568 – 754 – 692 – rot.@101#
B3g(2) 500 496 541 564 603 – rot.@101#
B3g(3) 429 380 459 – 462 – rot.@101#
B3g(4) 329 – 304 320 343 320 rot.@010#, JT
B3g(5) 179 – 290 – 158 – rot.@101#
n
ofi

d
xas
ro-
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