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Polarized Raman spectra of oriented finely twinned Calltitih films and nonpolarized Raman spectra of
CaMnQ;, 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 inAtB®; perovskites with GdFeptype
structure is discussed. These distortions can be described as superposition of four simple basic distortions: two
MnOg octahedral tilts, Jahn-Teller deformation of RnOg octahedra, and shift of th& ions from their sites
in the ideal perovskite. Twenty of the 24 Raman-allowed modes in the real Gdlp® structure have
counterparts ironly oneof the four simpler structures, obtained by a single basic distortion. The assignment of
the Raman lines of CaMnCio 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 LaMn@ and CaGe@.
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[. INTRODUCTION crystallographic phase only for the limiting cases0 and
x=1. To some extent this could be true also for compounds
The phenomenoncolossal magnetoresistanc€CMR),  corresponding ta=N/8 (N=1,3,4,5), where commensurate
characterized by strong interplay of structural, magnetic, andharge and orbital ordering at low temperatures have been
transport properties, is most clearly pronounced in mixedexperimentally confirmedIn the general case, in particular
valence perovskite manganitBs_,A,MnO; (R=rare earth at low temperatures, the structure of;LaCaMnO; rather
elementA=Ca, Sr, Ba, Pb, . .), and La_,CaMnOs is one  consists of coexisting domains of different phases with rela-
of the most studied CMR systerhdn the past few years tive weight that varies with doping, temperature, and applied
there have been several reports on the structure of these maagnetic field. It is reasonable to assume that the structure of
terials, in particular on their structural transformation uponthese phases is closely related to those of LalnO
doping and temperature variation near the temperatures afa, {Ca, sMnO;, and CaMnQ, although definite differences
the magnetic phase transitich$C& " has an ionic radius of due to dynamical reduction of the Jahn-Teller distortion in
1.34 A, i.e., very close to that of B4 of 1.36 A. Unlike the ferromagnetic conducting state or disorder of the type of
other perovskite manganites, the averaged structure afahn-Teller-liquid or Jahn-Teller-glass in the insulating state
La; ,CaMnO5; remains orthorhombic in the entire substitu- may occur. In any case, the identification of these phases and
tional range at temperatures below700 K. However, the the monitoring of their mutual transformations are essential
radii of Mn3+(t§geé) and Mrf”(tgg), which coexist at inter- for understanding the correlations between structural, mag-
mediate values ok, differ significantly. M#* (0.58 A), netic, and transport properties of manganites.
which is a Jahn-TelletJT) ion, is larger than the non-Jahn- ~ Raman spectroscopy is among the few experimental tech-
Teller Mn** (0.53 A). Furthermore, thes; electron of niques capable to detect coexisting domains of size, compa-
Mn®" has an orbital degree of freedom. While the superexsable to the lattice constant. The identification of mi-
change coupling between Nin is antiferromagnetic, the su- crophases in La ,CaMnOj; requires a good knowledge of
perexchange interaction between Mrions depends on the the spectra of LaMn@, Lag sCa, sMnO3, and CaMnQ and
relative orbital ordering and can be antiferromagnetic or ferof the effects of particular lattice distortions on the Raman
romagnetic. In addition, there is a ferromagnetic couplingspectra. The spectra of orthorhombic LaMn@re well
between MA* and Mrf* through the double-exchange known? Recently, the spectra of kaCa MnO; have also
mechanism. All this results in a complicated phase diagrambeen analyzed.In this work we present and analyze the
reflecting the sensitive interrelations of charge carrier conpolarized Raman spectra of CaMg@sing a more general
centration, magnetic couplings, and structural distortions. approach. This approach is based on the fact that the lattice
The experimental data accumulated so far provide strondistortions in theABO; perovskites of GdFeftype struc-
evidence that at a microscopic level the structure ofture can be described as a superposition of four simple basic
La; ,CaMnO; can be described within a single- distortions: two MnQ@ octahedral tilts, Jahn-Teller deforma-
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ion of Mn®* Og octahedra, and a shift of th& ions from TABLE I. Shell model parameters.

their sites in the ideal perovskite. Twenty of the 24 Raman- onic

allowed modes in the real GdFg®pe structure have coun- . _

terparts in only one of the four simpler structures obtained b\}on Z(lel) Y(le) (A par a(eV) b(A™) c(evA?
a single basic distortion. Therefore, neglecting resonance ea 1.90 3.5 15 CaO 840 2.72 0
fects, the intensity of most of the Raman lines is determinedin 380 2.3 0.01 Mn-O 900 2.67 0
mainly by the magnitude anly onebasic distortion. Onthe 0 -1.90 -30 20 O0O-O 22764 6.710 20.37
basis of such considerations, the results of lattice dynamicad
calculations and by comparison with the spectra of isostruc-

tural LaMnQ; and CaGe@ the Raman lines of CaMnO B. Raman spectroscopy and lattice dynamical calculations
were assigned to definite phonon modes.

The Raman spectra were measured using a Dilor XY800
triple-grating spectrometer equipped with a microscope and
liquid-nitrogen-cooled charge-coupled device detector. Six
Il. EXPERIMENT lines in the range of photon energies from 1.83(6V6 nm
to 2.71 eV (458 nm from an Ar -Kr* laser were used for
excitation. A 10X objective was used to both focus the

Thin films of CaMnQ@ were deposited on single-crystal jncident laser beam onto a spot of abouti@n in diameter
substrates of SrTiPand LaAlO; with quasicubio100) sur-  and to collect the scattered light in a backscattering geom-
face orientation by laser ablation of single ceramic targektry. The laser power on the spot was kept at 1 mW for all
with stoichiometric composition. A Lambda-Physik LPX210 wavelengths. The polarization of the incident laser light was
krypton-fluorine excimer lasefwavelength 248 nm, pulse selected with the use of an achromatic half-wavelength plate
length 30 ns, repetition rate 5 Hwas used to deliver a flow and a polarizer filter. The scattered light was analyzed using
of 1.5 J/cn? per pulse within a X4 mn? spot on the tar- a second polarizer filter. At all experimental conditions addi-
get surface. The substrate was positioned on a heated holdépnal reference spectra from a metallic mir(éor removal
against the ablated material plasma plume at a distance of 7 the plasma lings from a single crystal of silicortfor
mm. To ensure highly oriented growth, the substrate wagorrection of the different sensitivity of the spectrometer in
kept at 780 °C during the deposition. The ablation was cardifferent scattering configurationsand from a single crystal
ried out in oxygen at a pressure of 40 Pa, which was found 1Of Ba}Fz (for correctlor! of' the sensitivity of the spectrometer
be optimal for the plasma plume formation. After the depo—for different laser excitation wavelengjhwere collected.

sition, the chamber was filled with oxygen up to 0.9 atm and 1 ne lattice-dynamical calculationg.DC’s) of CaMnO;

the samples were slowly cooled down with a rate ofare accomplished within a shell modeThis predominantly

10°C/min. The last step was taken to prevent oxygen losionic compound is described in this model as a three-

from the film. Under these conditions, the deposition ratealmensmnal system of point charg&swhich interact with

) ) each other through Coulomb interactions. The repulsion of
was 0'0.5 nm/pulse an.d the f"m thlckqess MSO nm. the electron subsystems of the neighboring ions is described
The film crystal lattice quality was investigated by x-ray by introducing short-range forces of the Born-Mayer-
diffraction (XRD) with a Bruker D5000 four-circle diffrac- Buckingham form

tometer. In  both cases CaMp@aAlO; and
CaMnQ;/SrTiOs, only (00I) reflections from the films were
observed in th@®-20 diffraction patterns, which evidences
highly ordered crystal lattice in the direction perpendicular to V=aexp—br)- 6’ 2.1
the substrate surface pla®00). In-plane epitaxial growth
was confirmed byp-scan XRD. The peaks resulting from the _ S
film lattice fourfold symmetry matched the correspondingWherea, b, andc are parameters, andis the interionic
peaks from the substrates and no other peaks were register&§Paration. Finally, a simple model of the deformability of
Omega-scan XRDrocking curveswas used to compare the the electron shells of _the ions is used in WhICh an ion is
crystal lattice perfection of the two films. The full width at feéPresented as a point charged core with chargeY
half maximum (FWHM) of CaMnQ; (002 reflections re- C(_)upled with a force'consta|ktto.a charggd mgss[ess shell
vealed that the film grown on LaAlQsubstrate is slightly wlth chargeY around it. The free ion polarizability is then
better ordered (FWHM0.36°) than the film grown on 9iven by
SrTiO; (FWHM=0.40°).

The ceramic samples of CaMp@ere prepared by solid- y2
state reaction of CaO and MpQA 1:1 stoichiometric pow- a=—. (2.2
der mixture of the oxides was calcinated in air at 900 °C for
16 h. The material was reground twice, pressed, and sintered
in air at 1100°C for 16 h. The lattice parameters, as deterThe values of model parametdiisted in Table ) for Ca and
mined by x-ray powder diffraction, were in agreement with O were taken from Ref. 7 and for Mn were derived by use of
Ref. 6. the equilibrium conditions.

A. Samples
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Ill. RESULTS AND DISCUSSION — T T 1
CaMnO3/LaAlO3 488 nml @

A. Determination of the symmetry of the Raman lines

Polarized Raman spectra of CaMn@in film deposited
on LaAlO; substrate are shown in Figs(al—1(d) in four
different scattering configurationsx, y'x’, x’x’ andyx)
for four (488, 515, 568, and 647 nnaser excitation wave-
lengths. The first and second symbols in the Porto’s nota-
tions, indicating the scattering configuration, are the direc-
tion of the polarization of the incident and scattered light,
respectively, where, y, X', andy’ are parallel to the qua-

sicubic[100], [010], [110], and[ 110] crystal directions. The
xx-X'x" andyx-y’x’ pairs of spectra are essentially differ-
ent: evidence that the investigated thin film is oriented. On
the other hand, attempts to find different types spectrafor
andyy (or x’x" andy'y’) polarizations failed, indicating
that the thin film is finely twinned on the scale of the laser
spot size.

The symmetry of a Raman line can be determined by its
presence, absence, or change in the relative intensity in spec-
tra measured in some exact scattering configuratiornth
polarizations of the incident and scattered light along some
simple crystallographic directionsWe calculated the inten-
sities of all types of Raman-active modes in the polarization
configurations used, accounting for the six possible orienta-
tions of thePnmaorthorhombic twins in the laboratory sys-
tem, connected with the quasicubic afe$.was assumed
that the scattering volumes for the twins of each orientation
are equali.e., no texturing and that the medium is optically
quasi-isotropigweak dependence of the refractive index on
the crystal direction The results are shown in Table®lAs
it follows from Table II, depending on the variations of the
intensities in the four experimental scattering configurations,
the Raman lines can be divided into three groups. The lines
corresponding to modes &4 andBsy symmetry are undis-
tinguishable and they both should be observed with equal
intensities only inx’x’ and yx configurations. ForB,,
modes the ratio of the intensities in thke, y'x’, andx’x’
spectra should bé:3:1 andthey are not allowed in thgx
spectra. As the Raman tensor for thgmodes contains three
independent parameters, tAg lines may have different in-
tensity ratio in the four types of spectra and only the simplest
cases are given in Table f:}* Using Table Il we can assign
the lines at 564, 320, and 179 cimto modes o84 or Bag

SCATTERING INTENSITY (arb. units)

symmetry, the lines at 465 and 258 chto B,y modes, and o impurity phase

the remaining lines at 615, 487, 438, 382, 322, 278, 243, g,‘? 01

184, 160, and 150 cit to A, symmetry. M A 0T SN
The Raman spectra obtained from the other Calitin 100 200 300 400 500 600 700

film deposited on SrTi@substrate contained lines located at RAMAN SHIFT (cm-1)

the same wave numbers; i.e., none of the observed lines is

substrate relatetf. For the latter film, however, there was a

tendency for equalization of the spectra in paralbek @nd FIG. 1. Polarized Raman spectra at room temperature obtained
x'x") and crossedy(x andy’x’) polarizations and for a from the surface of CaMnQthin film on LaAlO, substrate with
deviation from the selection rules of Table Il. This indicatesdifferent laser wavelengtts) 488 nm,(b) 515 nm,(c) 568 nm, and

a break of domain orientation, which is not unexpected as th@l) 647 nm. The scattering configuration for each spectrum is indi-
mismatch between the quasicubic lattice constants ofated.x, y, x’, andy’ are parallel to the quasicubjd00], [010],
CaMnQ; and SITiQ is larger(4.8%, acyo=3.73 Aasto  [110], and [110] directions, respectively. The bottom pan@
=3.91 A) compared to that between CaMpénd LaAlO;  shows the nonpolarized spectra of bulk CaMre@d of an impurity
(1.6%,a, ,0=3.79 A). phase.
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TABLE IlI. Calculated intensitiesin arbitrary unitg of the Ra- Pnma Imma P4/mbm P4/mbm Cmcm
man lines in different polarization geometriesb, andc are the real rot.[101] rot.[010] J-T A-shift
nonzero components of the Raman tensoAgimodes.

Symmetry Polarization ¥ 4 -
of the modes XX=Yy y'x’ xX'x'=y'y’ yX "I e gxl YI YI yI .
Big Or Bag 0 0 1 1 y z y z z X z X z X
Bag 4 3 1 0
Ag (a=b=c) 1 0 1 0 /\M
A4 (a=c<Db) 2 1 1 0 ><X><
A4 (a=c>D) 4 1 3 0

920 4

y, y,
Some of the Raman lines exhibit strong resonant behav-xJ—'z XJ—vz \/\x/\/

ior. The intensity of the 487, 278, and 160 chlines in-

creases with the increasing excitation wavelength. The lines
at 564, 322, 258, 243, 184, and 179 cmshow opposite AV/AY AVAV4 JAVAVAN
behavior. It appears that an appropriate laser line for simul-
taneous observation of all Raman lines of CaMn® 515

nm. By chance this laser line is most often used and our 51¢
nm Raman spectra and those obtained with 515 nm line fromr
CaMnQ, ceramic samples by Liarokapist al*® and Gra- 2

14,15 o : -
nadoet al.™™ are very similar. The only difference is the £ 2. The GdFe@type crystal structure and the four simpler

. . 71 . . .
additional line at 615 cm in our thin-film spectra. The  stryctures obtained from only one of the proposed basic distortions.
615 cm! line, however, was absent in spectra measured

from grains of unknown orlenta.tlon n C.aM@Cter:.;\mlcs” The first basic distortionD;0,), Which includes three of
[see Fig. 1e)]. Instead, the ceramics contains an unldentlfleq

L . . the variables, is a rotatiofiilt) of the MnQ; octahedra con-
ellow-reddish impurity phase. The Raman spectrum of this_. S ) .
{Jhase contains apver)}// ipntense line at 612*&rpn'ndicating sidered as rigid polyhedra around tHeO1] cubic axis. The

that the presence of the 615 chin the thin-film spectra is resulting structure_ is orthorhombigpace groupmma) with
q body-centered unit celf2a,x 2a,x \/2a, (see Table Ill and
ue to a secondary phase. ) o p P p.

Fig. 2. The quantitative measure Dfj;oy; is the angle of the
rotation. If the distortion is small, the angle of rotation is
equal t0 2/2|z()| (or 42|y as if the octahedra are

In this section, the effect of the structural distortions onrigid, |zo(1)|=2|yo2))-
the intensity of the Raman lines will be discussed. The sto- The secondbasic distortionDyo10; is a rotation of the
ichiometric CaMn@ and LaMnQ crystallize in the MnOg octahedra, considered again as rigid polyhedra,
GdFeQ-type structuré? described by thePnma space around thd010] cubic axis. The resulting structure is tetrag-
group O35, No. 62. This structure can be considered asonal (space groupP4/mbm) with unit cell \2a,x \2a,
orthorhombically distorted superstructure of the ideal cubicx a,, (in the tetragonal basisThe measure dD o) is again
ABO; perovskite and its unit cell\(iapx 2apX \/fap) con-  the angle of rotation, which, if the distortion is small, is
tains four formula unitgideal perovskite unit cells(see Fig.  equal to 2xo(2)—Zo(2)| (in the Pnmabasig. The crystallo-
2). La(Ca), Mn, O(1), and Q2) occupy sites withC%*, C;, graphic reason for these rotational-like distortions is the mis-
C¥*, andC, site symmetry, respectiveligee Table Ill. The  match between the ionic radiug of the A-site atomgLa or
Mn atoms do not participate in the 24 Ad+5B4+ 7By Ca and the ionic radius, of Mn measured by the toler-
+5B34) Raman-allowed phonon modes. Due to the atomicance factort=(r,+ro)/\2(run+ro) of the perovskitelike
site symmetries, 5 out the 12 atomic coordinates are fixedstructure.
The Pnmastructure can thus be considered as having seven The classification of the perovskite distortions in terms of
structural degrees of freedofba(Ca) (2), Mn (0), O(1) (2), tilts of rigid octahedra has been made by Gld%and the
0(2) (3)]." The atomic coordinates can be rewritten in asimple structures, obtained by only the first or only the sec-
form where the variables are the difference between the re@ind basic distortion, have Glazer notatiorss 0a™) and
coordinate and the coordinate in the ideal cubic perovskit¢0b™0), respectively. Note, however, that the symmetry of
structure, so that these variables can be regarded as perttite Imma space group requires only the octahedra to have
bations. The change of each of these seven variables, hofeur equal Mn-@2) distances. The Mn-@) and Mn-Q1)
ever, leads to distorted structures without simple physicabonds can be different and thgZ)Mn-O(2) and Q1)-Mn-
meaning. However, they can be grouped into four groups ifD(2) angles can differ from 90°. The symmetry of the second
such a manner that the variation of the new “variablésit-  space grougP4/mbm requires four equal Mn-@) bonds
ther called “basic distortions will result in superstructures and right G2)-Mn-O(2) and Q1)-Mn-O(2) angles, but al-
with well-defined lattice distortions. lows for the Mn-G1) and Mn-Q2) distances to be different.

=

B. Model of the basic structural distortions
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TABLE Ill. Wyckoff notation, site symmetry, and atomic position of the atoms in the real crystal structure
with space groufPnmaand in the four simpler crystal structures, containing only one of the four basic
distortions(given in brackets The orientation of the crystal axes is standard for each space group. For better
comparison of the unit cells in all cases Mn is in the origin of the coordinate system. The atomic positions are
rewritten in a form, where, y, andz are small parameters.

Space group,

basic distortion A=La, Ca B=Mn O(1) (apex 0O(2) (plane
and unit cell
Pnma(real) 4c C¥* 4aC; 4c C}? 8dC,
V2apx 23, % \2a, Xa,7,3+ 2 0.0.0 Xo(1) 7 Z0(1) It Xo() Yo@) 1t Zo2)
Imma (rot. [101]) 4eC3, 4aCj, 4eC3, 8gCY
V2a,x2a,% \2a, 07.5+2a 0.0,0 0.7.Zo(1) Yow@) i
P4/mbm (rot. [010]) 2c Dy, 2aCyp 2b Cyy, 49 C,,

1 1
\/EapX \/Eapxapa 5,03 0,0,0 070,% 41T+XO(2)~%1_XO(2)10
P4/mbm (JT) 2b Cyp, 2d D, 2c Dy, 49 C,,
\/Eapx \/zapxap ab %70’% 0’ O' 0 0,0,% %+Xo(2),%+XO(2),O
Cmcm(A shift) 4c CY, 4aC3, 4c CY, 8d C;

11

V2a,% \2a,% 28, 2 3 Yn0d 0,00 0Yoq). 4 10

#Thex, y, andz axes of this cell correspond to tlzex, andy axes in thePnmacell, respectively.
PNonstandard origin.

It means that, in fact, our model does not need the oversinferent orthorhombic basis compared with the one of the real
plification of regarding the Mngoctahedra as rigid. Pnma structure; see Fig. 2 and Table)IlIThe origin for
The third basic distortionD ;7 is a deformation of the such a shift can be understood if the oxygen environment of
MnOg octahedra so that the M@(2)), square transforms to  the A-type atoms is considered. In the ideal cubic perovskite
a rhomb. The resulting structure is tetragof@dace group the A atom is bonded to 12 oxygens with equal bori#ia-
P4/mbm) with unit cell J2a,x \2a,X a, (in the tetragonal ~ fold environment The first three of the above described
basis; see Fig.)2The measure oD, is the relative differ-  pasic distortions change the environment of ghatoms, but
ence of the two pairs of Mn-@) distances in all cases it remains an even numigére A-O bonds are
Adyn.o(2)/{dmn-o(2))- If the distortion is smalll, it is equal to  distributed in pair¥’). The Dgnir; transforms the oxygen
2|Xo(2)+ Zo(z)| (in the Pnmabasis. In the case of M"  environment of theA atom into odd-fold one, making two
ions (LaMnQ;) this distortion originates from the Jahn- A-O(1) bonds in thex direction(in Pnmabasis the shortest
Teller effect, caused by the presence of one electron in thgnd longest ones, respectively. The reason for such a change
degenerate, orbital of the Mri* ion. can be stereochemicébome peculiarity of the electronic
The fourth basic distortionD_spif; is @ shift of the  configuration of the valence shell of tieatom) or crystal-
A-type atoms from their sites in the ideal perovskitexin |ographic(large mismatch between the ionic radius of the
direction(in the Pnmabasig. The resulting structure is also atoms and the radius of the cavity between the 12 oxygens,
orthorhombic, but with base-centered unit cel,ﬁap with a center in the place of th& atom in the ideal cubic
X \/Eapx 2a,, described by th&€mcmspace grougin dif- perovskite.

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

Compound D10y Dio1o Dir Dashirt  Ref.
2\@|20(1)| 4\/§|y0(2)| 2xo2)~Zo)  2|Xo@2)t Zoe2)l 2Xp

YMnOj; (300 K) 0.4302 0.3366 0.1984 0.0268 0.1610 4
LaMnO; (300 K) 0.2107 0.2172 0.1620 0.0644 0.0980 20
LaMnO; (798 K) 0.1943 0.2184 0.1204 0.0120 0.0434 20
Lag 6Ca ,MnO; (240 K} 0.1839 0.1908 0.1058 0.0030 0.0428 21
Lag 6Ca ,MnO; (20 K)  0.1810 0.1880 0.1056 0.0028 0.0426 21
CaMnG; (300 K) 0.1865 0.1900 0.1503 0.0012 0.0666 6
CaGeQ (300 K) 0.1714 0.1810 0.1346 0.0026 0.0566 22
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TABLE V. Correlation table between cubic zone-boundary ma@eshe idealP m3m structure, corre-
sponding to Raman-active modes in the real orthorhorRimiena structure, and the corresponding Raman-
active modes in the simpler structures, containing only one basic distortion. The last column contains calcu-
lated frequencies for the Raman-active modes in CaMnO

Symmetry Symmetry Corresponding modes in simpler structures Calc. freq.
in Pm3m in Pnma Imma B/mbm RPA/mbm Cmcm in CaMnGQ;
rot. [101] rot. [010] Jahn-Teller A shift (cm™ )

R, —Bag(1) Bag - - - 754
M, —Byg(1) - - Bag - 749
Xy —By4(1) - - - Bag 743
M, —Ay(1) - Big Asg - 555
Ry, —Bay(2) Bag - - - 541

N Big(2) Big - - - 536
M, —Byy(2) - Bag - - 485

o Ay(3) Aq - - - 467
Rbs —B3y(3) Bag - - - 459

™ Byg(3) Bog - - - 453
Xs —Byy(6) - - - Byg 366

~A(6) - - - Aq 345
Xy —B14(5) - - - Bag 354
Ms —B3g(4) - —E, —E, - 304

™ Big(4) - 7 7 - 281

 Ay(5) A - - - 299
Ros _’BZg(s) Bog — - — 202

™ Bay(5) Bag - - - 290
Xs —Ay(7) - - - A, 242

™ Bayy(7) - - - Big 232

o Ag(4) Aq - - - 200
Ris —B14(3) Big - - - 178

™ Byg(4) Byg - - - 148
M, —Ay(2) - Asg Big - 154

In Table IV the calculated basic distortionssing struc- The results of our lattice dynamical calculations for

tural data from the literatuydor some perovskites related to CaMnQ; are shown in Table V and Fig. 3. Using them we
CaMnQ; are listed. WhileD(y01), Djo10, and Dagpite in determined exactly the correspondence between the Raman-
these compounds are comparaf#cluding the orthorhom- active Pnma modes and the cubic zone-boundary modes
bic YMnQs), Dy varies significantly. (for the numbering of the othorhombic modes, see Fig. 3
On the other hand, in the two simpler tetragoRa/mbm
structures, the four Raman-active modes are of different
C. Group-theoretical analysis and lattice-dynamical symmetry and the vibrational pattern of the modes can be
calculations results determined using only group-theoretical methods. For the
Following Danielet al?® and using the relations between two simpler orthorhombitmmaandCmcmstructures there
the lattice vectors of the orthorhombic GdRe9pe struc- is more than one Raman-active mode from each type of sym-
ture with space groupPnma (regarded as weakly distorted metry, but in this case the linear combination of the symme-
and the lattice vectors of the cubic perovskite, it can bery coordinates having the closest vibrational pattern to one
shown that the vibrational modes located at fg0,0,0)  of the modes from the orthorhombiRnmastructure can be
point of the othorhombic Brillouin zone come from modes constructed. Having all these results, the one-to-one corre-
located at theI'((0,0,0), R.(3,3.,3), M(3,0,5), and spondence between the cubic zone-boundary modes, the
X¢(0,3,0) points of the cubic Brillouin zone, wheRy,, M.,  Raman-active modes in tfenmastructure of CaMn@ and
and X, are zone-boundary points. The Raman-active modethe Raman-active modes in the four simpler structures, con-
in the orthorhombid® nmastructure[only part of all vibra-  taining only one of the four basic distortions, can be made
tional modes thd,(0,0,0) point originate only from the (see Table V. Using Table V we made some general conclu-
cubic zone-boundary poinR;, M., andX; and the corre- sions. First, the frequencies of tRnmamodes, originating
lation table is shown in Table for the labeling of the cubic from a split degenerated cubic zone-boundary mode, are
vibrational modes, see Ref. 3 close. This justifies the approach to the distortions in the

184301-6
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() 4D AgB) A9 4209 4g(0) Ag(?) culated frequencies for thé, modes. The assignment is
P N R e A somewhat ambiguous in the frequency range below
3 200 cm't. While only two Ag lines are expected from the
PR T AR SRS |DCs, three lines were observed there. We tentatively as-

<, o sign the lines at 160 and 184 crhto the two propeAg(2)
242 and A4(4) low-frequency modes. The assignment of the
lines of B,4 andB3y symmetry is also rather ambiguous due

Bg(7) . e . . >
ff:( - to the impossibility to use scattering configurations where
»gi Biy Or B3y are separately pronounced. Only the line at

o

299 345

Bfl) By Byg(5)

“ 179 cm'! can easily be associated with tBgy(3) mode
with calculated frequency 178 cm. The assignment of 320

M Mg and 564 cm? lines to B3y modes is rather arbitrary. These

232 lines may as well represeBt;; modes.

As follows from Table VI, the strong lines in the Raman

spectra of CaMn@ correspond to modes activated by the
J\ Di101) @and D ashift basic distortions. This is in striking con-
z

trast to the Raman spectra of LaMg®where the most in-

x tensive B,o(1) line at 611 cm* is activated by theD;r
basic distortion. A line corresponding to tBgy(1) mode is
not even observed in the spectra of CaMn®he explana-
tion of this fact is simple accounting for the values of basic
distortions (see Table IV: the D;; basic distortion in
LaMnGQ; is almost 60 times larger than in CaMgQOThis
justifies the earlier suggestitht® that the intensity of the
~611 cm'! line in manganites is governed by the Jahn-
Teller distortions.

FIG. 3. Vibrational patterns of the Raman-active modes in the The structures of CaMngand CaGe@have close values

GdFeQ-type structure(in the case of CaMng). The labeling of IOf thel bt(.:lSIC.d;Stor.ttlpn$eetr']I'ab|e IV. For ctjhls rgason, simi- t
the modes follows Ref. 4. ar relative intensities In € corresponding rRaman spectra

could be expected. Indeed, such a similarity is seen if the

polarized Raman spectra of CaGg@ee Fig. 2a in Ref. 37
GdFeQ-type structure as to small perturbations. The secon@nd CaMnQ (Fig. 1) are compared. On the other hand, most
finding is that 20 out of 24 Raman-acti®hmamodes have  of the weak lines in one of the compounds have no counter-
an Raman-active counterpartonly oneof the simpler struc-  part in the othe(see Table V). This fact could be explained
tures obtained from one basic distortion. Therefore, at Outby the strong resonant behavior of some Raman modes,
of-resonance conditions, the intensity of each of these 2Q|ear|y seen in F|g 1. It appears that the proposed depen_
modes can be used as a measure of the magnitude of tilgnce of the Raman line intensities on the above-defined
basic distortion activating the mode. Two of the remainingbasic perovskite distortions can only partially help to deter-
four modesA4(1) andAy(2), have Raman-active counter- mine the origin of the Raman lines in the case of manganites.
parts in both tetragonal structures, but the correspondingetter predictions of the model can be expected for transpar-

modes have different symmetry in themA,g andBy4, re-  ent perovskites with GdFeQOstructure, where resonant ef-
spectively. In this case the measured ratio of the nonzerGects are negligible.

parameters in the Raman tensor of the mode can be used to

determine the dominating basic distortitThe other two of

the remaining four mode®,4(4) andB34(4), have double- I[V. CONCLUSIONS
degenerated counterpart in both tetragonal structures.

178
By(3)

754 541 459 304

The polarized Raman spectra of oriented CaMrfin
films and nonpolarized Raman spectra of polycrystalline
CaMnQ; bulk samples were measured at room temperature
using several laser lines. The symmetry of the Raman lines

A tentative assignment of the observed Raman lines ofvas determined making use of recalculated selection rules
CaMnG; using the results of lattice-dynamical calculations isfor the case of finely twinne® nmastructure. The analysis
given in Table VI. First, we point out that there are more of the spectra and the assignment of Raman lines to definite
experimentally observed lines @&, symmetry(see Fig. 1 ~ atomic vibrations was done on the basis of symmetry con-
than predicted by group theory. Out of tAg lines only that  siderations, lattice-dynamical calculations, and by compari-
at 612 cm! can unambiguously be treated as a spuriouson with the Raman spectra of isostructural LaMréhd
line connected with traces of an impurity phase. The wealkCaGeQ. We argue that the relative intensity of some Raman
lines at 382 and 438 cnt also seem to be of different ori- lines can be used as a measure for the basic distortions in
gin since their frequencies differ significantly from the cal- perovskites with GdFegtype structure.

D. Raman line assignment and comparison to related
compounds

184301-7
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TABLE VI. Comparison of the calculated and the experimental frequencies of the Raman-active modes in
CaGeQ, CaMnG;, and LaMnQ. The numbering of the modes follows Ref. 4 and Fig. 3. Bold font numbers
indicate Raman lines with highest intensity. The basic distortion, activating the mode, is indicated in the last

column.
Mode CaGe@ CaMnG, LaMnOs Activating
symmetry Calc. Expt. Calc. Expt. Calc. Expt. distortion
and number Ref. 26 Ref. 27 This paper Ref. 4
Ag(1) 507 - 555 - 582 - rof010], JT
Ay(3) 480 - 467 487 480 493 rot. [101]
Aqy(6) 329 328 345 322 263 - A-shift
Aqy(5) 292 284 299 278 162 198 rof.101]
Ay(7) 257 265 242 243 81 140 A-shift
Aqy(4) 169 171 200 184 326 284 rot. [101]
Ag(2) 147 151 154 160 246 257 rof.010], JT
Bog(1) 524 - 749 - 669 611 JT
Bg(2) 497 526 485 - 509 - rof010]
Bog(3) 372 - 453 465 464 481 rot[101]
B,y(6) 297 - 366 - 369 308 A-shift
Byy(5) 250 - 292 - 150 170 rof101]
Bog(7) 225 248 232 258 123 109 A-shift
Bog(4) 161 162 148 - 218 - rof101]
Big(1) 557 - 743 - 693 - A-shift
B14(2) 413 - 536 - 575 - rof101]
B14(5) 387 358 354 - 182 184 A-shift
B1g(4) 351 237 281 - 347 - rof010], JT
B14(3) 230 184 178 179 254 - rdt101]
Bag(1) 568 - 754 - 692 - rof101]
B3g(2) 500 496 541 564 603 - rot.[101]
Bay(3) 429 380 459 - 462 - rof101]
B3g(4) 329 - 304 320 343 320 rdto10], JT
Bay(5) 179 - 290 - 158 - rof101]
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