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Raman study of anharmonic effects in PgsCay sMnO 5 thin films
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We report low-temperature and hydrostatic pressure Raman measuremengsCGa, EMnO; thin films
grown on SrTiQ and LaAlO; substrates. From the low-temperature dependence of the modes related with the
Jahn-Teller distortions of the octahedra, it is found that an increase appears in their relative intensities at
temperatures close to the charge-ordering phase transition. Two rotational modes of vibration of the octahedra
show an anharmonic behavior. Strains from the substrate do not induce any shift or new modes in the Raman
spectra probably due to their relaxation from the interface towards the surface of the films. From the different
orientation of the two films, the symmetry of certain modes has been identified.
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[. INTRODUCTION thermore, a lowering of the symmetry takes place and a
change of 0.6-2.4% in the lattice parameters has been
In the past decade, there has been an increased interesiserved:® However, these structural transitions that accom-
in doped manganites exhibiting colossal magnetoresistangsany the CO are not observed in the thin filins.
(CMR).! These materials of type ;R,A,MnO; consist It has been shown for bulk samples that a slight variation
of a trivalent rare eartiR (e.g., La, Pr, Nd, ..) replaced  of the Mn-O bond length or the Mn-O-Mn angle modifies the
by a divalent alkaline earth (e.g., Ca, Sr,..). One of the  physical properties of the materfaln the case of thin films,
most exciting phenomena of these materials is the charggese variations of the bond length or the bond angle may be
ordering(CO). This phenomenon is observed when the elecye to the strains that the substrate imposes on the thin film.
trons be_come localized in real space and me heterovaleRese lead to changes in the properties, comparing to the
cations in the two sublattices (MA and Mn"*) become e material. For example, it was found that the critical

ord_lt_ar:ed. PE M . d with ich magnetic field required to destroy CO is strongly reduced
e system RCa_,MnO; is a compound with a ric when the compound is made in the form of a thin fiim.

phase d'agfam and a more distorted structure than Oth%(nother parameter that may affect the physical properties of
CMR materials. Polycrystaliine samples and single crystal%he films is the orientation of the growth of the film on the

of this compound have been studied, for differaptwith substrate. Since most of the technological applications re-

various methods such asray synchrotron and neutron ) L o . :
diffraction? Raman scattering? and resistivity’ It has been quire thin films, it is of great importance to understand their
physical propertied.

shown that at zero applied magnetic field, the material is ) _ i
paramagnetic insulator and no transition to a metallic state AN €xténsive amount of Raman data exist for various
takes place. The application of a strong magnetic field ca§ompounds of the R ,A,MnO; series and an assignment
induce an insulator to metal transitibrCharge ordering in for most of the phonons that appear has been propbsed.
Pr,Ca_,MnO; occurs in the regime 08x<0.75 at the TO the best of our knowledge, for the specific compound, the
temperature range 220-240 K, depending on the amount dtaman data exist only for the~0.35 (Ref. 3 andx~0.37

Ca doping. Within this CO phase, there is a magnetic transitRef. 4 members of the Rr ,CaMnO; series. The latter has
tion to an antiferromagnetic insulating phase at temperaturehown an anomalous temperature dependence for two of the
Tn<Tco, Which for our compoundx=0.5) is at~180 K. Ay symmetry phonons, which was attributed to the spin-
For lower Ca concentrations (6sX<0.4), another transi- phonon couplind. In this work we have investigated the
tion has been observed to a spin-canted insulating phase atemperature dependences of the Raman active phonons in the
temperaturdl cp<Ty . Tca decreases with Ca concentration range 78—295 K of two Rr,CaMnO; thin films deposited

and reaches a value below 50 K for=0.48 This however, on two different substrates that induce tensile and compres-
has been argued by Cet al.> who found that the exposure sive strains on the film. The compound was doped with

of a PpCa MnO; sample to anx-ray beam at low- =0.5, for optimum CO. A detailed analysis of the Raman
temperature discloses a phase-segregation phenomenapectra through the CO transition has been carried out in
where the CO insulating phase coexists with a charge delmrder to investigate the phonon modifications related with
calized (CD) metalliclike phase. The charge-ordering phe-this transition. Furthermore, an analysis of the temperature
nomenon seems to be optimized for 0.5, where the carri- and hydrostatic pressure dependence of the strong Raman
ers are exactly commensurate with the 1:1 ordering of thective phonons has been performed revealing a considerable
Mn™3:Mn™* species. Across the CO transition, where the anharmonicity for two rotation modes of the Mn-O
carriers become strongly localized, strong electron-phononctahedra. Based on the Raman scattering selection rules
interactions induce structural changes in the material. Furfrom the two films of different orientation, an assignment
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3y 5 ° (a)] The Raman spectra were obtained using a T64000 Jobin
£ & g Yvon triple spectrometer, equipped with a liquid nitrogen

cooled charge coupled device and a microscope. The 530.9
nm and 647.1 nm lines of a Krlaser and the 457.9 nm, 488
nm, 514.5 nm lines of an Arlaser were used for excitation,

- o 7 at low power, which was kept fixed during the measurements
E AS at the level of~0.1 mW on the surface of the film. Raman

£ o o (b)- spectra of the film were measured_ at a temperature region
& Z Z from 78 K to 295 K. A backscattering geometry was used,

%’ . g i with the sample placed under the microscope veitk 100

g magnification lens. For the low-temperature measurements,

an Oxford cryostat was used, appropriately modified for the
application of the scattering selection rules. The temperature
instability was less than 1 K and the local heating due to the
0 laser beam was estimated to be less than T8RAll the
. . . r : . . spectra have been corrected for the Bose thermal factor at the
20 0 40 50 % nominal temperatures, but any uncertainties from a laser lo-
26 (deg) cal heating could not induce appreciable changes in the

FIG. 1. The XRD results obtained at room temperature for theshapes of the peaks. Hydrostatic pressure measurements

film deposited on the two substrates SrTi@) and LaAIQ, (b). were also g:arrled out at RT using a Merrlll—Bas_sett—type dia-
mond anvil cell, operated in the backscattering geometry.

for certain modes has been induced. Finally, the effects of thghe transmitting medium was a 4:1 methanal-ethanol mix-

strains from the two substrates on the Raman spectra of tHare and the pressuré was calculated by Inserting a silicon
films are discussed. single crystal inside the gasket. The accumulation times of

the spectra were of the order of 5—6 h at ambient conditions
and at low-temperatures. For the high-pressure measure-
Il. EXPERIMENT ments, the accumulation times were of the order of 10 h. The

Films of PpCa, MnO; (PCMO) of thickness 180 nm spectrometer was calibrated just before and right after each
.5 .

were grownin situ using the Pulsed Laser Deposition tech- measurement, using a silicon wafer as a reference.
nique deposited on two different substrates with {he0]
orientation, a SrTi@ (STO), which is cubic with a lattice
constanta=3.905 A, and a LaAlO3(LAO), which is In Fig. 2 typical Raman spectra of the PCMO/STO film
pseudocubic witta=3.789 A . The substrates were kept at aexcited by the 647.1 nm laser line are shown for the tem-
constant temperature of 725°C during the deposition, whiclperature range 78—-295 K. The most pronounced peaks dis-
was carried out at a pressure of 300 mTorr of flowing oxy-played for the entire temperature range are cent@edd K)
gen. After the deposition, the samples were slowly cooled t@round 85 cm?, 268 cmi?, 300 cni?, 476 cni?, and
room temperaturéRT) at a pressure of 500 Torr of OA 605 cnmil. In addition, there is a broad feature at
detailed optimization of the growth procedure was completed-133 cni * (at 78 K), which at RT appears as a wide peak
and described previousty:'? The structural study was car- of energy at~143 cnil. At low-temperatures additional
ried out by x-ray diffraction (XRD) using a Seifert XRD peaks emerge at 230, 530, and 640 émwhich cannot be
3000P for the® — 20 scangCuKa, A =1.5406). The films distinguished at RT. The Raman spectra obtained from poly-
were shown to be homogeneous and the structure correrystalline samples of BgsSrp 3gVInO5 are similar but con-
sponds exactly to the composition of the targée., tain at RT fewer peaks at similar energies, i€80 cm
Pro.sCa sMnOs) in the limit of accuracy. 145 cm', 475 cm't, and 610 cmt, while at lowering the
The structure of the bulk BeCa, sMNO; was found to be  temperature the peak at 230 this also present.n Figs. 3
orthorhombic(Pnma with lattice constant®1i=5.395 A, b and 4, the spectra obtained by the 530.9 nm and 488 nm laser
=7.612 A, andc=5.403 A® Figures 1a) and 1b) show a excitation lines, respectively, are shown. New modes seem to
typical ® —20 scan recorded for a film of PCMO/STO and appear at 430, 460, and 660 th It is seen that the excita-
PCMOI/LAO, respectively. The films were of a single phasetion photon energy does not modify the energy of the phonon
and highly crystallized, as seen from the sharp and intensmodes that appear, while the relative intensity of the wide
diffraction peaks. It has been found that the films wWex&0] band around~476 cm ! increases with the 647.1 nm exci-
oriented(i.e., with the[010] axis perpendicular to the sub- tation wavelength. This agrees with Abrashenal,'’ who
strate plangon the STO substrate anii01] oriented on the have found that the relative intensity of the strong peaks,
LAO substrate. This orientation was the result of the latticewhich in the LaMnQ compound appear at 516 ¢rh and
mismatch between the film and the substfitélsing the 640 cm !, increases with decreasing excitation photon en-
XRD results, the out-of-plane lattice parameter of the subergy, in accordance with theoretical calculatiohs® In the
strates was calculated to be 3.778 A for STO and 3.834 A fosystem LaSiMn,0-, Argyriou et al1® have observed a reso-
LAO, confirming that the film is under tensile stress on STOnance with the 514.5 nm laser line as the corresponding to
and under compression on LAO. the 476 cm® mode was increasing in intensity for all tem-
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FIG. 3. Typical Raman spectra from the PCMO/STO film with
the 530.9 nm excitation wavelength in the temperature range 78—
Raman shift (cm'1) 295 K. The spectra have been corrected with the Bose thermal
factor.
FIG. 2. Typical Raman spectra from the PCMO/STO film with
the 647.1 nm excitation wavelength in the temperature range 78tg |liev et al.® the modes at 85 and 133 cth are of A
: ’ g
295 K. The spectra have been corrected with the Bose therm%lymmetry and they are very weak at all excitation wave-
factor. lengths. These low-energy modes are more easily observed
with the 647.1 nm excitation line. It is possible that the ap-
peratures studied. No variation in intensity has been obparent softening of these modes with decreasing temperature
served in our system in this mode with the 514.5, 4Bigs.  is the result of modifications in the relative intensities of the
3 and 4, and the 457.9 nm laser lines. Only with the 514.5various lines that constitute each band.
nm wavelength, the two modes at 460 chrand 476 cm* On the contrary, the mode centered around68 cm !
could be clearly discriminated as the corresponding modes dat 78K) observed only in parallel polarizations, as shown in
Ref. 19. In addition, we have not observed new modes oFig. 5, which shows the strong modes for various scattering
spectral modifications with the 488 nm excitation wave-polarizations, is very well defined. In Fig(&j, the phonon
length (Fig. 4) and we believe that the completely different energy is plotted for different temperatures. It shows a strong
spectrum found by Dediat al® might be due to an impurity dependence on temperature, decreasing in energy by
phase. The spectra reported here are typical for all disorderei® cni ! in the range 78—300 K. AT=225 K, there is a
manganites. The crystal structure of, PICaMnO; is the  more rapid softening of this mode. This temperature is in the
same as that of LaMnQ It is therefore possible to follow for range of the expected.o. A similar temperature depen-
the modes of Br.,CaMnO; the symmetry assignment used dence is seen in Fig.(6), for the energy of the other strong
by lliev et al. for LaMnOs.° but wide band around 476 ¢m, which changes slightly at
Both low-energy bands at 85 ¢rh and 133 cm! show  Tco. The width of both bands is also affected appreciably by
an unusual increase in energy with increasing temperaturé¢he variation of the temperature.
As seen in Fig. 2, at low-temperatures, the first mode clearly In Figs. 2—4 it is seen that the peak at 300 ¢nhas a
consists of two much narrower bands. Something similadifferent behavior, being temperature independent. This
happens for the very broad structure at 133 ¢mwhich  neighbor mode to the 268 ¢m could correspond to a pho-
must be an independent mode from the one at 143'cm non of B,q symmetry with energy at- 308 cm ! or a tilting
observed at RT and seems to consist of several peaks, withode of A; symmetry at 284 cm' (in LaMnQ,).° As
the most pronounced ones at those two energies. Accordirghown in Fig. 5, it only appears in parallel polarizations and

1T ' 1 T T T T 7
100 200 300 400 500 600 700
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FIG. 4. Typical Raman spectra from the PCMO/STO film with 200 250 300 350 400 450 500 550 600 650
the 488 nm excitation wavelength in thg temperature range 78-295 5 5 polarized Raman spectra measured on the PCMO/STO
K. The spectra have been corrected with the Bose thermal factor.(a) and the PCMO/LAQD) films using the 514.5 nm laser line. The
scattering configuration for each spectrum is indicated, where the
its relative energy to the 268 ¢ mode coincides with the first symbol indicates the direction of the polarization of the inci-
ratio of the corresponding, modes of La_Mn,O;,°%°we  dent light and the second the polarization of the scattered light. In
attribute it to the tilting vibrations of the octahedradow- the case of the PCMO/LAO film, there is a mixture of polarizations
ever, contrary to the case of the mode-a268 cni'!, its s indicated by the parentheses.
energy and width does not seem to be modified with
temperature. basal oxygens of the octahediy, symmetry.1% According

At lowering the temperature below 140 K, a new wide to lliev et al. though? this mode is o8,y symmetry. Due to
band at~230 cm ! becomes visible, which must be identi- the weakness of the mode, we could not make a more defi-
fied as the one that has sometimes been observed at the sanite assignment. Below 220 K, the two bands at 476 cm
energy and low temperatures by other auttidfsThis mode and 605 cm? contain numerous peaks that overlap one an-
has been identified as a soft mode, by these authors, and hakher. This behavior has been attributed to the formation of
been assigned to a rotationallike mode. However, we did nahe CO staté.As shown in Figs. 2—4, at low-temperatures,
observe the softening of this mode, but only its disappearthe mode at 605 cm' is accompanied by at least two more
ance with increasing temperature. bands centered around640 cmi'! and 660 cm®. More-

The two phonons centered at 476 tnand 605 cm'  over, the mode at 476 ¢m is accompanied by a peak at
are related to Jahn-Teller distortions of the octahedra. Aslightly lower energy 460 cmi'') and two other weaker
seen in Fig. 2, their relative intensities to the lower-energybands centered at 430 cm ' and ~530 cmi . Our selec-
modes increase considerably at lowering the temperaturiéon rules on the LAO sample with tHa01] film orientation
from RT to 78 K. This has also been observed for the othehave shown that the 460-crh mode has th&,4 or the B
two excitation wavelengths, but the increase in intensity isymmetry(Fig. 5. Our data also indicate that the mode at
not so strong. The peak at 476 cth which has previously ~430 cm ! has theB,, symmetry. At low-temperatures, the
been attributed to the asymmetric stretching 8§ spectra show pronounced modifications, especially in the
symmetry?1% becomes sharper and moves slightly to highertemperature range 140—160 K, where the 476 trwide
energies with decreasing temperature. Our measuremerttend appears as a double peak for the excitation with the
show that this mode has th®,; symmetry (Fig. 5. The  530.9 nm laser lingFig. 3). A similar double structure has
other peak at 605 cit is more pronounced at lower tem- been observed in the La®in,O; perovskite with the
peratures and is assigned to the symmetric stretching of thel4.5 nm excitation line and it was attributed to a resonance
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FIG. 6. The temperature dependence of the engsgyaresand s —.——
width (crossep of the strong modes at 268 crh and 476 cm* 100 200 300 400 500 600 700
wide bands. The continuous lines are guides to the eye. Raman Shift (cm'1)
effect driven by the formation of a CO stdfeThis double FIG. 7. Typical Raman spectra for selected low-temperatures

structure is less pronounced at higher temperatures or theeasured on the PCMO/LAO film using the 514.5 nm laser line.
other excitation wavelengths and it is induced from the specAll spectra have been corrected with the Bose thermal factor.
tra only by the abnormal broadening of the main mode at

~476 cm *. At 260 K even this broadening begins to dis- splitting of the high-energy modes could be possibly associ-

appear and at 295 K cannot be seen. According to Ref. 5, thgqq with the presence of strains from the substrate. The total
bulk compound should pass to a charge-ordered state at@rin in the films should be the original strain introduced

temperature-240 K, while in the PCMO/STO film the tran-y,ing preparation from the lattice mismatch, plus any ther-
sition temperature is slightly lower, at 225'KThis is the mally induced from the differences in the thermal expansion
temperature where t_he W"?'e”'”g of the 476 Cnmode and coefficient between the film and the substrate. The latter
the Increase of the intensity of the bands at 476 trand g6 vary with temperature, and therefore the splitting of
605 cm © appears. , _ the modes should show a linear dependence with tempera-
In Fig. 7, one additional very weak mode is observed iy, within the detection limit<1 cm ) no shift has been
the PCMO/LAQ film with energy at-560 cm = With in-  ghserved in the splitting of the high-energy modes. This im-

creasing temperature, the intensity of this weak mode dejjies that the additional modes that appear in the Raman
creases rapidly and cannot be observed at room temperatu@ecira at low-temperatures are not related to any strain
On the contrary, the low-energy mode at143 cm' ! re- effects.

mains strong and does not shift with energy at all tempera- The XRD measurements of the lattice constants of the
tures. In the PCMO/STO film, the similar mode appearsg psirates of the two films have shown that they are under
weaker at tempe_r:laltures close _to RT while at 78 K only they 5, tensile(LAO) and 3.3% compressivéSTO) strains.
mode at 133 cm” appears(Fig. 2. It seems that the The presence of such strains implies that the corresponding

143 cm* wide band has a different polarization selectionfjimgs are also strained. Our hydrostatic pressure measure-
rule than the 133 cm' phonon observed in the PCMO/STO ments(Fig. 8 have shown that the band at 476 chshifts
film. This could explain its appearance in the LAO substraterougmy with a rate 6 cm/GPa, while the mode at

where the film has been developed at a different orientatiorbgg o1 at almost half this rate. We do not know the bulk

modulus to calculate the phonon shift that corresponds to the
IV. DISCUSSION strain of the films, but an approximate value 1_91‘150 GPa
from Lag gSK, ;1 MNO; can be used for an estimgteOne
One question to be answered is the effect of the straithen expects that even a strain of the order of 1% could
from the substrate to the physical properties of the films. Thénduce considerable shifts 610 cm ! and ~4 cm ! in
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FIG. 9. The temperature dependence of the relative intensity of
the high-energy wide bands at476 cnmi' (A) and ~605 cm'?
(+) to the phonon at-268 cm ! for both substrateqa),(b) The
PCMO/STO film probed with the 530.9-nm and the 647.1 nm laser
lines. (c) and (d) The PCMO/LAO film probed with the 514.5 nm

"boo 250 300 350 400 450 500 550 600 650 laser line. In(a), (b), and (d), the measurements were done with

increasing temperature, while {g) the temperature was varied up
Raman Shift (cm'1) and down, and the hysteresis is clearly shown.

FIG. 8. Typical Raman spectra for selected different hydrostatiGsponding phonons, tB,4 and the higher energy one &, .
pressures measured on the PCMO/STO film using the 514.5 nipowever, the CaMng/LAO and CaMnQ/STO films were
laser line. The dashed lines indicate the shift of the average peemoo] oriented. In our case, the PCMO/LAO film j401],
position of the three bands. whereas the PCMO/STO §10] oriented. This different ori-

entation of the films has made possible to differentiate the
the energy of the above two phonons. Comparing Figs. 3 anB,4 (or Bz5) symmetry of the lower-energy mode, from the
7 it is seen that the 476 cm mode appears in the LAO B,y symmetry, which in our case was the higher-energy
substrate with the same energy as in the STO, independent nfode (Fig. 5. Furthermore, the relative intensity of the
the built in compressive or tensile strains. As the Ramar605 cni ! phonon to the one at 640 cmi'! has a similar
scattering probes mainly the surface, it is possible that théehavior with the 476 cm* mode to the 460 cm® one.
strains are relaxed at the surface of the filfh80 nm used ~ While the phonon at~640 cmi! can be distinguished
in this study. On the other hand, resistivity measurementsgmainly at low temperaturg¢sn the PCMO/STO film(Figs. 2
which are bulk measurements, may have detected the straigsid 3, the situation changes in the PCMO/LAO compound,
developed at the interface. where the 605 cm' mode completely dominates whereas

One should remark that differences are observed betweahe 640 cm?® and 660 cm? bands can be hardly seéFig.
the relative intensities of the high-energy phonons in the7). We believe that these spectral modifications are mainly
films from the two substrates. In the PCMO/STO film, thedue to the different orientation of the two films, and the
476 cm'! phonon is stronger than the mode at 460 ém |attice mismatctf®
(Figs. 2—4. However, in the PCMO/LAO film, the situation Figures 9a) and 9b) present the modifications induced
is reversed, with the 460-cm mode slightly stronger than by temperature to the relative intensity of the two high-
the 476 cm! one(Fig. 7). In addition, in Fig. 5, the Raman energy bands at 476 ¢m and 605 cm®, when compared
spectra of the two samples are shown for different scatteringy the low-energy phonon at 268 ¢rh It is clear that for the
configurationgxx, Xz x'x’ andx’z"). In thex’z' spectrum PCMO/STO film, there is an increase in the relative intensi-
of PCMO/STO, the 476 cm mode appears whereas the ties of these modes for the 647.1 nm and 530.9 nm excitation
460 cm * mode is absent. In the PCMO/LAO film, the re- wavelengths, below-220 K. A similar behavior has been
versed situation is realized. This leads to the conclusion thashserved with the 488 nm laser line. Due to the transition to
the 476 cm' mode has B,y -like symmetry and the a charge-ordered phase with more localized carriers, the in-
460 cm'! the B4 Or the Bgg symmetry. Abrasheet al,?®  tensity of all modes is expected to increase in this phase. The
however, in films of CaMn@/LAO and CaMnQ/STO, preferential increase of the intensity of the high-energy bands
have assigned the lower-energy mode, of the two correwould imply that their screening from the carriers is much
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stronger than for the mode at 268 ¢t This must be re- 2(Bake— Beka) dw
lated with the association of these modes with the Jahn- a= “\9Inc 2
Teller distortions. In the PCMO/STO film, the CO phase ap- T at
pears at~225 K,'* which is in good agreement with our where k,=S;;+S;5+S13, Kk.=Ss3+ 2513 (for tetragonal
Raman data. One can also see that the increase in the relatisgmmetry®), B,, B. are the linear compressibilities and
intensity of the modes is five times larger for the excitationthermal expansion coefficients along taeand ¢ axes, re-
with the 647.1 nm wavelength. It is unclear whether thisspectively,«, is the volume compressibility, ans); is the
considerable increase is affected also by the strains as the réittn compliances. The studies on theglggSr, ;MnO3 com-
light probes deeper inside the film and closer to the interfacpound have shown that it is nearly isotropic in terms of the
with the substrate. thermal expansiof? It is quite probable that the same is true
In the PCMO/LAO film, the Raman data indicate that thefor the compound under investigation, which has the same
change in intensity occurs at different temperaturels’O K structure.
[Fig. 9c)] or ~235 K [Fig. 9d)]. The first value has been As seen from Eq(1), in the isotropic approximation and
obtained on lowering the temperature, contrary to the case df the absence of the explicipure anharmonicterm, the
(a), (b), and(d) where the temperature, once it had reachedemperature and hydrostatic pressure dependences of the two
the lowest value(78 K), was gradually increased until it bands at~268 cmi'* and ~476 cm'* should be propor-
reached RT. This difference is due to the hysteresis effectional, independent of the exact values of the thermal expan-
which is very characteristic in these compouhti$n Fig.  sion coefficient and the bulk compressibility. From the tem-
9(d) the value for the intensity variation obtained for the perature dependend€ig. 5, we can estimate thatw/dT
LAO film, but with increasing temperature, agrees, withinhas very close values for the two bands -a268 cm !
error, with the corresponding value for the PCMO/STO film. (0.060 cm */K) and ~476 cm * (0.065 cm /K). On the
This is another indication that strains are not affecting theother hand, from the hydrostatic pressure dependémea-
surface of the films, which we probe with the Raman scatsured at room temperatyre we induce that dw/dP
tering. Furthermore, the value of the temperature where the-2.1 cm1/GPa and 5.9 cm'/GPa for the two modes, re-
spectral changes occur, points out the formation of thepectively, which clearly are not proportional to the above
charged-ordered phase, bringing more information aboufiw/dT values, as expected in the case of isotropic
these compounds from the Raman measurements. and harmonic behavior of phonons. If, for a rough
The reduction of a phonon energy with increasing tem-estimate, we use the value of thermal expansion
perature is partially due to the volume effect, i.e., the expancoefficient of Lg g:St, 1MNO3,%4?? Pry 7S ,9Mn05,2° or
sion of the unit cell with heating, and partially to a pure g, ,Ca, 3qMNnO5,%* we find from Eq.(1) that the softening
anharmonic effectif the volume was kept fixed Since the  of the band at-476 cni ! with temperature is mainly due to
268 cn t, 300 cmi !, and 476 cm* bands were measured the thermal expansion of the compound. On the other hand,
under hydrostatic pressures, an estimate of the pure anhafs clear that for the phonon at 268 cni ! the pure anhar-
monicity can be obtained provided that the thermal expanmonic explicit term is important and/or the isotropic approxi-
sion coefficient and the elastic constants of the compound af@ation may not be valid. Since the band-at#76 cni ! in-
known. Up to now, there are no measurements of the thermgllves internal vibrations of the octahedr® it is expected
expansion coefficient for the compound in bulk sample org be more rigid to deformations, as our analysis indicates.
films. However, one can get a rough estimate using the lineggased on the correspondence with a similar mode of
thermal expansion of a similar CMR compound. The La,_,CaMnO; (Refs. 9,20,2 and its anharmonicity, we
Lag 835l 17/MNO3 compound was found to be isotropic with & pelieve that the phonon at 268 cni* must involve rota-
volume thermal expansion coefficieft,=30x10"%.?> A tions along theb axis of the octahedra &, symmetry, as in
very similar value at RT has been found from studies of thehe case of LaMn@® Therefore, this phonon at 268 cni *
charge-ordered polycrystalline compounds #3815 ,9MNO;  and the corresponding rotations of the octahedra should be
(Ref. 23 and La sCay3Mn0;,** it is therefore possible to  anharmonic, and are affected by the distortions of the YInO
use this value. octahedrg® These results agree with the strong softening
From the chain differentiation rule, one can pro\hat in that has been found for th&, phonon by Podobedost al?’
the case of an isotropic approximation, the temperature desnd Abrashewet al2® attributed to rotational distortiorf§.A
pendence of the phonon energy is written as similar anharmonic behavior is observed for the mode at
~300 cm t, which is due to titling vibrations of the octahe-
dra (out of phasex-axis rotation®). This phonon is energy

Ky

(d_“’) __ ﬂ(‘?_"’) +(‘9_“’) (1) independent of temperature in the range 77—-300 K, but it

a7/, k, P/ 1T/’ strongly shifts with hydrostatic pressure~(cm™!/GPa,
Fig. 8.

where the first term on the right-hand side of the equation V. CONCLUSIONS

stands for the implicitvolume-driven effect and the second

for the explicit (amplitude-driven effect. In the case of a We have studied the effect on the Raman spectra from two
nonisotropic(tetragonal crystal, one needs to add a correc- Pry sCa, gMnO; films developed on SrTiQand LaAlO; sub-

tion a to the above equatiof, strates, which develop tensile and compression strains on the
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film. Spectral modifications are observed at a temperaturestrong softening with temperature. Based on the temperature
which coincides with the transition temperature for the for-and hydrostatic pressure dependences of the external and in-
mation CO. An increase in intensity of two high-energy ternal modes at-268 cm !, 300 cmi'!, and ~476 cm %,
bands at~476 cm * and ~605 cmi' ! has been observed the amount of pure anharmonicity is estimated to be strong
with three excitation wavelengths 8¢5 . Moreover, the two only for the external vibrational phonons. The strains in-
modes at 460 cm' and 476 cm* appear to have a different duced by the two different substrates do not seem to affect
scattering selection rules in the films, induced from the dif-the Raman spectra, probably due to their relaxation towards
ferent orientation of the substrates and th&jy andB,4 5,  the surface of the films used in our studies.

symmetries. The transition temperature was found to be the
same in the two substrates but a hysteresis effect has been
observed. The high-energy modes are related with the Jahn-
Teller (JT) distortions and we attribute the intensity changes We would like to thank Dr. G. Varelogiannis for useful
with temperature to the different way the localization of car-discussions and comments. One of the auth@d..P)
riers affects the JT modes. An external mode-&68 cm 1, acknowledges financial support from the GSRT Grant
which involves relative rotations of the octahedra, shows @&o. 01EP13.
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