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W e repor t novel R aman measurements made on Pr 0: 5 C a0 : 5 Mn O3 thin

Ùlms gro wn on SrT iO 3 and LaA lO 3 (PC MO /ST O and PC MO /LA O, re-
spectivel y) . T he measurements w ere per formed for a temp erature range
78 K < T < 295 K . Di ˜erent scattering polari zati ons ( x x ; x z ; x 0 x 0 , and x 0 z 0 )

have b een selected for certain temp eratures in order to ma ke the assign-
ment of the mo des, app earing in the Raman spectra. X -ray di˜raction mea-
surements have shown that the PC MO /ST O Ùlm is [010]-oriented and the
PC MO /LA O Ùlm is [101]-oriented due to the lattice mismatch. Close to the

transition temp erature to the charge ordered state, T C O , an increase in rela-
tive intensities of the high energy modes has been observed w ith decreasing
temp erature.

PACS numb ers: 75.47.Gk, 78.30.{ j , 63.20. {e

1. I n t rod uct io n

In the past decade the interest in doped m anganites has increased due to the
di scovery of the colossal magneto resistance ẽ ect (CMR ) [1]. One of the m ost ex-
ci ti ng phenom ena of these m ateri als is the charge-orderi ng (CO). Thi s phenomenon
is observed when the electrons becom e localized in real space and the hetero valent
cati ons in the two subl atti ces (Mn and Mn ) become ordered.

The Pr x Ca x MnO system has a more distorted structure tha n other
CMR m ateri als, in addi ti on to a rich phase di agram. The charge orderi ng in
Pr x Ca x MnO occurs in the regime . The tra nsi ti on tem perature
ta kes place at appro xi matel y 220{ 240 K, dependi ng on the amount of Ca dopi ng.

(99)
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The charge-orderi ng phenomenon is opti m ized for x = 0 : 5 , where the carri ers are
exactl y com mensurate wi th the 1:1 orderi ng of the Mn 3 + :Mn 4 + species [2].

Mo st of the techno logical appl icati ons requi re thi n Ùlm s,whi ch have di ˜erent
physi cal properti es com pared to the bul k [3]. Thi s has been attri buted to the stra in
e˜ects induced by the substra te on the Ùlm. Mo reover, the ori enta ti on of the Ùlm
m ay induce changes in the structura l and physi cal properti es of the m ateri al .

An extensi ve amount of R aman data exi sts for vari ous com pounds of the
R 1 À x A x MnO 3 series(R being a tri valent rare earth and A a di valent alkaline earth)
and an assignm ent for the phonons has been proposed [4{ 7]. T o the best of our
kno wl edge, for the Pr 1 À x Ca x MnO 3 compound, the Ram an data exi st onl y for x

[8] and [9]. In a previ ous work [10] we have pointed out a correla ti on
between the R aman spectra m odi Ùcati ons due to the charge-orderi ng, studyi ng
thi n Ùlm s of Pr x Cax MnO , of 180 nm thi ckness, as a functi on of tem perature
and hydro stati c pressure.

In thi s work, we have ori ented the research in pointi ng out the assignm ent
of the R aman acti ve phonons, since there has been no anam biguous assignm ent
for m ost of the m odes. For thi s purp ose, system ati c m easurements have been
carri ed out using di ˜erent scatteri ng selection rul es, resulti ng in the disclosure of
the assignm ent for certa in modes. Furtherm ore, the tem perature dependence of
the R aman spectra has been studi ed in the Ùlms of 100 nm thi ckness. Fi na l ly, the
e˜ects from the substra tes are bri eÛy discussed.

Fi lms of Pr : Ca : MnO (PCMO) were m easured on two di ˜erent sub-
stra tes, one SrTi O (STO) and one LaAl O (LAO). The Ùlm s were grown -
usi ng pul sed laser depositi on (PLD ) and had a thi ckness of 100 nm and 180 nm .
The substra tes were kept constant duri ng depositi on. A m ore deta i led opti m izati on
of the growth pro cedure is described elsewhere [11, 12].

X- ray di ˜ra cti on studi es have shown tha t the Ùlm s were of a sing le phase and
hi ghly crysta l ized. Furtherm ore, i t was shown tha t the Ùlm s on the STO substra te
were ori ented wi th the [010] axi s perpendicul ar to the substra te, whi le the one
on the LAO substra te the [101] axi s was perpendicul ar to the substra te, whi ch
wa s [100]-ori ented. The speciÙc ori entati on of the Ùlms wa s a result of the latti ce
m ismatch between the Ùlm s and the substra tes [13]. Using the XR D results, the
out- of-plane latti ce parameter of the substra tes was calculated to be 3.778 ¡A for
STO and 3.834 ¡A for LAO, conÙrming tha t the Ùlm is under tensi le stress on
STO and under com pression on LAO. The structure of bul k Pr : Ca : MnO is
ortho rom bic ( ), wi th the latti ce constants ¡A, ¡A and

¡A [14].
The R aman spectra were obta ined using a T6 4000 Jobin Yvo n tri pl e spec-

tro m eter, equipped wi th a l iquid ni tro gen cooled charge coupl ed devi ce (CCD ) and
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a microscope. The 514.5 nm laser l ine of an Ar + laser wa s used for exci tati on, at
low power of ¿ 0 : 1 m W on the surf ace of the Ùlm . R am an spectra were obta ined
at a tem perature range of 20{ 295 K. A backscatteri ng geom etry was used wi th the
sam ple placed under the m icroscope wi th a m agniÙcati on lens. For the low
tem perature m easurements, an Oxf ord cryo stat was used, appro pri atel y m odi Ùed
for the appl icati on of the scatteri ng selection rul es. The tem perature instabi l i ty
wa s less tha n 1 K and the local heati ng due to the laser beam wa s estim ated to
be lesstha n 10 K [15, 16]. Al l presented spectra have been corrected for the Bose
therm al f actor at the nominal tem peratures, but any uncerta inti es from a laser
local heati ng could not induce appreci able changes in the shapes of the peaks.

In Fi gs. 1 and 2 typi cal low tem perature R am an spectra of the PCMO / STO
and PCMO/ LAO Ùlm s, respect ivel y, are shown, excited by the 514.5 nm laser line.
The Ùlm s had a thi ckness of 100 nm . The spectra shown here are typi cal of al l
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Fig. 2. Typical Raman spectra from the PC MO /LA O Ùlm w ith the 514. 5 nm excitation

w avelength in a temp erature range of 20{280 K . The spectra have been corrected w ith

the Bose thermal factor.

di sordered manganites. The crysta l structure of Pr0 : 5Ca0 :5MnO 3 i s the sam e as
tha t of La MnO 3 , the sym m etry assignm ent thus used here, is the one used by Il iev
et al . for LaMnO 3 [4].

The most pronounced peaks exhi bi ted for the enti re temperature range,
at 78 K, are centered appro xi matel y around 143 cm À 1 ; 268 cm À 300 cm
403 cm 430 cm 460 cm 476 cm and 610 cm . In addi ti on, be-
low appro xi matel y 200 K an addi ti onal peak appears at 220 cm . Sim i lar mea-
surements have been perform ed at thi cker PCMO/ STO and PCMO/ LAO Ùlms
(180 nm ) [10] using the 530.9 nm , 488 nm , and 647.1 nm laser l ines for exci ta ti on.
It was seen tha t the excita ti on pho ton energy does not modi fy considerabl y the
spectra. However, in the thi cker Ùlm s the m odes at 403 cm and 430 cm was
not observed, whi le the 143 cm was onl y observed wi th the 647.1 nm laser line.

In Fi g. 3 the R aman spectra of the PCMO/ STO Ùlm are shown for di ˜erent
scatteri ng conÙgurati ons ( , , , and ) for 300 K and for 78 K. The Ùrst
sym bol indi cates the di recti on of the polari zati on of the inci dent l ight and the
second, the polari zati on of the scattered l ight. The spectra ta ken at and
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Fig. 3. Polarized Raman spectra measured on the PC MO /ST O Ùlm at 300 K and

78 K , using the 514.5 nm laser line. T he scattering conÙguration for each spectrum is

indica ted.

Fig. 4. Polarized Raman spectra measured on the PC MO /LA O Ùlm at 300 K , using

the 514.5 nm laser line. The scattering conÙgurati on for each spectrum is indica ted.
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(or x 0 x 0 and z 0 z 0 ) scatteri ng conÙgura ti ons (no t shown in the Ùgure) are identi cal
and theref ore the x and z di recti ons are equivalent. In Fi g. 4 sim i lar spectra for
di ˜erent selection rul es are shown for the PCMO/ LAO Ùlm , f or 300 K. Ho wever,
the PCMO/ LAO Ùlm is [101]-ori ented, resulti ng in a m ixture of polarizati ons in
the R aman scatteri ng. Using the spectra of the di ˜erent scatteri ng conÙgura ti ons,
i t is possibl e to determ ine the sym m etry of the R aman l ines, depending on thei r
relati ve intensi ti es on the di ˜erent spectra.

There are two high energy bands, centered around 610 cm À 1 and 470 cm À 1

whi ch consi st of several overl appi ng m odes. These m odes appear at 640 cm ,
600 cm , 476 cm , 460 cm , 430 cm and cm .

From the di ˜erent scatteri ng conÙgurati ons in PCMO/ STO (Fi g. 3) com es
out tha t the m ode at 640 cm is of , wherea s the 600 cm is of sym me-
try . The l ine at 600 cm correspond to the 611 cm seen by Il iev et al . [4] in
La CaMnO and is of breathi ng typ e. The peak at 640 cm has also been observed
by the sam e autho rs in YMnO , and is believed to be of defect origin.

The m odes at 430 cm and 476 cm are pro nounced in both and
and thus have a sym m etry . Simi larly, the peak at 403 cm is a weak m ode,
di splayed at and and thus must be of sym m etry . A corresp ondi ng
l ine has been observed by Abra shev et al . [6] on the bul k La Ca MnO and has
been assigned to the same symm etry .

Co mparing Fi gs. 1 and 2, i t becomes obvi ous tha t there are di ˜erences
in the relati ve intensi ti es of the high energy m odes of the tw o sam ples. In the
PCMO/ STO Ùlm , the 476 cm m ode is stro nger tha n the 460 cm one, whi le in
the PCOM/ LAO Ùlm the reversed situa ti on is real ized and the m ode at 460 cm
is slightl y stro nger tha n the 476 cm one. Thi s resul t is shown clearer in Fi g. 3,
where the spectra from di˜erent scatteri ng conÙgura ti ons are shown for the two
Ùlms. In the spectrum of PCMO/ STO, the 476 cm pho non is qui te strong,
wherea s the 460 cm one is absent. In the PCMO/ LAO case, the 460 cm m ode
is present, whi le the 476 cm one is absent. Thi s points out the -l ike sym m etry
of the 476 cm phonon and the or the sym metry of the 460 cm one.
Ho wever, Abra shev et al . in measurements on thi n Ùlm s of CaMnO / LAO and
Ca MnO / STO [7] and on the bul k La Ca MnO [6] have assigned the lower
energy m ode, of the two correspondi ng m odes, to and the higher energy one
to . In our case however, the di ˜erent growth orienta ti on of the two Ùlm s has
m ade possible to di ˜erenti ate the (or ) sym metry of the 460 cm m ode
from the of the 476 cm one.

The assignm ent of the low energy modes is more stra ightf orward. As shown
in Fi g. 3, the phonon at 300 cm only appears at para l lel polari zati ons, so i t is
of sym m etry as well . Relati ng thi s m ode wi th the assignm ent of Il iev et al . [4],
i t can be attri buted to the ti l ti ng vi brati ons of the octahedra , represented by the

mode at 284 cm in La MnO .
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The m ode at 268 cm À 1 i s very wel l deÙned at para llel polari zati ons (x x and
x 0 x ), whi le i t is not observed at crossed polarizati ons ( and ). It is hence of

sym metry . A correspondi ng m ode is also observed in the case of La MnO [4]
and has been assigned to the rotati ons of the axi s of the octahedra .

The low energy mode at 143 cm is m ore l ike a wi de band, whi ch is tem per-
ature independent. It appears to be qui te weak at al l tem peratures and no deÙnite
assignm ent could be carri ed out.

As seen from the Ram an spectra in Fi gs. 1 and 2, there is an addi ti onal
m ode appeari ng below K at cm . Thi s phonon is more well
deÙned at PCMO/ LAO Ùlm . It has been som eti mes observed by other autho rs as
wel l [6, 8] and has been identi Ùed as a soft m ode. Ho wever we have not observed
any softeni ng of thi s m ode.

From the tem perature dependence of the spectra there is some evidence for
the tra nsi ti on of the materi als to the CO state. It has been shown previ ousl y [10]
tha t below K a rapi d softeni ng ta kes place for the m ode at 268 cm ,
decreasing in energy by 12 cm in the tem perature range of 78{ 300 K. The tem -
perature, at whi ch the rapi d softeni ng occurs, is close to the tra nsi ti on tem perature
to the CO state, . As seen in Fi gs. 1 and 2, the high frequency bands around
470 cm and 610 cm consist of di ˜erent overl appi ng m odes. W i th decreasing
tem perature, thei r relati ve intensi ti es to the lower energy m odes increase consid-
erably and the di ˜erent peaks become clearer. Thi s behavi or has been attri buted
to the form atio n of the CO state [8, 10]. Hence, the tra nsiti on to the charge or-
dered state, where the carri ers are more localized, results in an increase in relati ve
intensi ti es of the modes in thi s phase.

Mo reover, we have perform ed measurements under hi gh hydro stati c pres-
sure, at room tem perature, disclosing the anharm onici ty of certa in phonons [10]. It
wa s seen tha t both phonons at 268 cm and 300 cm show a strong dependence
on the hydro stati c pressure due to the anharm onic behavi or of the corresp ond-
ing rota ti ons of the octahedra. In contra st, however, to the 268 cm m ode, the
300 cm one is tem perature independent.

As m enti oned before, in the Raman spectra of the PCMO/ STO Ùlm , there
app ears a strong band centered at cm . It consists of a m ain m ode at
appro xi m atel y 600 cm and an accom panyi ng one at cm . These m odes
are cl earer seen wi th decreasing temperature. Thi s situa ti on is changed in the
PCMO/ LAO Ùlm , where the accom panying mode can hardl y be seen. W e believe
tha t these spectra l m odi Ùcati ons are m ainly due to the di ˜erent ori enta ti ons of
the two Ùlms, as wel l as the latti ce m ismatch [7].

The Ram an spectra of two thi n Ùlms of Pr : Ca : MnO developed on SrTi O
and La Al O substra tes, respecti vely, have been studi ed, and there has been an at-
tem pt for the assignm ent of al l the modes app eari ng, carryi ng out m easurem ents
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wi th di ˜erent scatteri ng conÙgurati ons. Furtherm ore, the tra nsiti on to the CO
state has been bri eÛy discussed in relati on wi th the R aman spectra ta ken as a
functi on of tem perature.

W e have not observed m ajor spectra modiÙcati ons, as shifts or spli tti ng
of the modes, due to the di ˜erent substra tes, but onl y minor ones due to the
di ˜erent ori enta ti ons of the tw o Ùlms. Two m odes at 403 cm À 1 and 430 cm À 1 gain
considerably in intensi ty for the thi nner Ùlms. Ho wever, further m easurements are
necessary f or a ful ler insight into thi s m atter.
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