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Raman-scattering experiments have been carried out on polycrystalline samplegdifal.gMn %0, and
isotope-exchanged ka:Ca, 3dMn *80; as a function of temperature. The most interesting feature in the spectra
is a vibrational mode that occurs at a nominal frequencywgf 230 cm %, which is assigned to an out-of-
phase rotational mode that involves motion of th@)&toms. The frequency of this phonon depends strongly
on the Ca concentration and has been correlated with the strength of the Jahn-Teller lattice distortion as
measured by the tolerance factor. As the temperature is lowered through the critical temperature, the phonon
frequencyw, increases rather abruptly and continues to harden as the temperature is lowered further. In
contrast, the linewidt', decreases abruptly when the sample passes through the transition from the paramag-
netic insulating phase to the more metallic ferromagnetic phase. The observed temperature dependences of the
frequency and linewidth are well described by a model that incorporates a double-exchange mechanism in the
presence of an electron-phonon interaction. The agreement between experiment and theory suggests that the
temperature dependence of the phonon is determined primarily by the spin alignment associated with the
double-exchange mechanism. The results for heghandI'y imply that there are no significant structural
modifications associated with the transition to the ferromagnetic phase. Finally, the linéyyidtkthe isotope-
exchanged samplé) is smaller than in thé%0 sample, an observation that is consistent with the smaller
electron-phonon-coupling constant in tH® compound[S0163-1826009)06413-9

I. INTRODUCTION They concluded that an additional mechanism was required
and suggestéd'? that a strong electron-phonon interaction

It has been known for some time that the mixed-valencerising from the Jahn-TellefdT) splitting of the Mr#* ion
compounds La ,CaMn;_2* Mn*" O; (LCMO, 0<x  should be incorporated into the model. The resulting lattice
=<1), have very interesting magnetic and electronicdistortion is thought to be large in the magnetically disor-
properties; ® which are surprisingly sensitiVeo the doping  dered regime abov&,, but should decrea¥&’ significantly
level x. For example, the end materials are both antiferroon transition to the low-temperature magnetically ordered
magnetic insulators for all <150 K and become paramag- phase. Direct support for this suggestion has come from ex-
netic insulators(PI's) at higher temperatures. However, periments involving local probé$; *®which have found that
when samples with Ca concentrations in the range<8.2 the MnQ; octahedra are highly distorted fér>T. and that
<0.4 are cooled to low temperatures, the high-temperaturghe magnitude of the distortion decreases with decreasing
paramagnetic phase converts to a more metallic ferromagemperature nedr,.
netic (FM) state at the Curie temperatufe . This approxi- The presence of strong electron-phonon interactions, or
mate insulating-to-metallic transition is field dependéand  JT effects, in the insulating phase of the CMR compounds
recent attention has focused on the very lafgmlossal”) should be associatéd*with polaron formation, and a num-
magnetoresistand€MR) that is observetfor temperatures ber of experimentS~2?? have produced supportive evidence
nearTc. in this regard. The observatith? of large oxygen isotope

The transition from the Pl or magnetically disorderedshifts in the Curie temperature also emphasi%éue impor-
state to the more ordered FM metallic phase at lower temtance of electron-phonon interactions in CMR compounds.
peratures was initially explainédn terms of a double- The precise nature of this coupling, its relative importance,
exchange mechanism. In this model two carriers hop simuland the origin of the large isotope effect itself are not well
taneously, one from a M ion to an adjacent © site and  understood. To gain insight into these aspects, and into other
the other from the & to a neighboring Mfi". This mecha- features such as charge orderigdditional experiments on
nism appeared to explain both the enhanced conductivitisotope-exchanged samples are required. In particular, it
and, because of the large intra-atom exchange, the lower emrould appear that studies of the vibrational spectra of
ergy associated with the ferromagnetic state, although it wasotope-exchanged samples should provide important and in-
recognizefl that the neglect of the electron-lattice coupling teresting information.
was a serious omission. This omission was reviewed more Although optical studies are well suited for investigations
critically by Millis etal® who found that the double- of the interplay between the electronic, magnetic, and vibra-
exchange model could not, by itself, explain the low criticaltional degrees of freedom in CMR compounds, relatively
temperaturdand large magnetoresistafide these materials. few such investigatiorfé?’~*?have been carried out to date.
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In particular, Raman studies of the vibrational spectrum 1.0 . . . -
would appear to be warranted given that the temperature de- Lag 65 Cag 35 MnO3
pendence of the vibrational spectrum should provide impor-
tant information on structural changes associated with the 0.8¢00 ]
transition to the low-temperature FM phase. The temperature %h‘]

dependence of the phonon frequencies and linewidths should 180°0 o
also yield indirect information on the relative importance of
the various interactions in determining the properties of the
linear combination of molecular orbitd CMO) at various
temperatures. In this regard llieat al?"?® have carried out
careful studies on single crystals of the undoped parent com-
pound LaMnQ (LMO) and structurally related perovskites
which have led to the symmetry identification of the impor- Rimax
tant modes. The dependence of the Raman spectrum on Sr ° l al
concentration in the CMR compound {13Sr,MnO; 0 , | ?W
(LSMO) has been studied by Podobedetval?® Since the 230 240 250 260 270 280
properties of LSMO are very similar to those of LCMO, we Temperature (K)

expect the trends identified in their wéfko also be relevant

to LCMO. Guptaet al3% have also carried out a Raman in-  FIG. 1. Magnetization curves for pressed sintered pellets of
vestigation of LSMO. They found that the vibrational spec-LCMO (with x=0.35) showing the influence of isotope exchange
trum was very weak, and focused on the frequency and tenf the fer_romagn_etic tr_ansition temperatﬂ'rce The measurements
perature dependence of a broad, high-energy peak center@§re carried out in a field of 50 @ield cooled for a %0 sample
near 2600 crik. Although the origin of this peak was not (solid circles, 0 concentrf_itlonkSO% (open circley and 20
determined definitively, it was attributed to scattering fromSamples back-exchanged witfO (open squares

electronic excitations. The weakness of the vibrational spec-

trum is consistent with the fact that the parent structure is &arrying out a final anneal at 1200 °C in 1 atm of purg O
cubic perovskite which does not have any Raman-allowedhis pellet was divided into two pieces and treated in 1 atm
vibrational modes. _ of 10 or 80 in a parallel processing systéthThe pellets

We have carried out Raman expenments on LCMO ( \yere gas exchanged at 950 €8 h), 1100°C(48 h), and
—0.35) compounds grown with th0 isotope and also o finally 1150 °C(48 h. This resulted in a pellet with atO
?O-exchanged samples. The observed vibrational spectra aggncentration of 82% as determined by weighing. The tran-
similar in appearance and strength to those obtéftfffom sition temperatures and magnetoresistances of the pellets
LMO. Here we assume that the observed Raman modegere determined using magnetic and resistivity measure-
which are relatively weak, become Raman allowed becaus&,ents, and in the case of tH8O pellet, it was found that
of the orthorhombic distortions that are present in both thg);qk exchange with®O restored the original transition. The
LCMO and LMO structures. The frequenay, (nominally  regyits of the magnetic measurements are shown in Fig. 1 for
230 cm ) and linewidthl’, of one of the modes are found o reference purposes. The transition temperatures are deter-
be sensitive to the transition & and to the variation of mined by extrapolating the decreasing ferromagnetic compo-
temperature below . It thus arises from the vibrations of nant of the magnetization to zero. For tH© sample, one
atoms whose structural locations are affected by the transbbtainsTC=270 K, in good agreement with other literature
tion. The observed variation of the frequency of this phonon,gj es. Exchange withfO causes a depression of 8.2 K in
with doping is correlated with the structural distortion of the T. (Fig. 1), which in turn yieldé* an oxygen isotope expo-
lattice using the tolerance factor. The temperature depensent of 0.26.
dences of bothw, andI'y are compared to the predictions of  The Raman-scattering experiments were carried out in a
a model by Lee and Mifi that combines the double- gasibackscattering configuration using the 488.0- or
exchange mechanism with an electron-phonon interactiors4 5.nm lines of an argon laser. The spectra were obtained
The experimental results are in good agreement with the préyom the as-produced faces of the pellets. The relatively
dictions of this model, which suggests that the temperaturgeak signals were collected and dispersed in a triple spec-
dependence is primarily determined by changes in thgometer and detected with a Mepsicron imaging detector as
“double-exchange” bandwidth. However, there is no evi- yescribed in detail elsewhet.
dence at any temperature of a Fano-type line shape that jjigy et 412" also used the 514.5-nm line of an Ar ion laser
would imply a coupling* of the phonons with a metallic- 15 excite LMO spectra and found that the resuilts depended

(M /M)

0.4r .

[ Ja]

0.2F ©

type electronic continuum. critically on the incident power level used. At low power
levels they found that the spectrum contained four well-
Il. MATERIALS defined peaks characteristic of the orthorhombic structure,

but at higher power levels the peaks decreased both in hum-
ber and sharpness. They attributed this rather dramatic
Samples of LCMO x=0.35) were prepared from sto- change to the structural instability of LMO and a lagtber-
ichiometric mixtures of LgO;, CaCQ, and MnQ. The mix-  mally) driven structural transition to the rhombohedral
tures were fired in air at 1100 and 1200 °C repeatedly, wittphase. In contrast to this result, we have not been able to
regrinding between firings. A dense pellet was obtained aftedetect any dependence on the incident laser power level in

A. Preparation
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the spectra we have obtained from the doped compounds. In
this regard it should be noted that the incident laser light was La Ca MnO
normally focused on the crystal using a cylindrical lens to 065 035 3
yield an incident power density of about 10 W/cnThis

level is considerably smaller than the smallest incident
power densitie§~1000 W/cn?) used by llievet al?’ Even

with comparable incident power densities, however, we did
not notice any dramatic changes in the spectra. This perhaps
suggests that doping the pure compoubtO) with cal-

cium produces a more stable orthorhombic structure than
that of the undoped precursor.

T=295K

T=260K

B. Symmetry considerations T = 240K
The symmetry of the LCMO crystal structure for €&

<0.5 has been determined from neutron-scattering
experiment®~% and is similar to that of the parent LMO
compound®“*2as determined by x-ray-diffraction measure- T=220K
ments. The symmetry of the unit cell was descritiet in
terms of an orthorhombic structu@nma that resulted from
small distortions of the basic cubic perovskite structure. For
a calcium concentration of=0.35, Daiet al*® measured the
orthorhombic lattice parameters and fouae:5.455A, ¢
=5.470A, andb=5.450 (2% A at 320 K. These results
imply a value ofay~3.860 A for the lattice parameter of the
basic cubic perovskite unit cell. Given that our growth con-
ditions were similar to those used in Refs. 36 and 39, we
expect that our samples will have the same structure. As a Raman shift [cm'1]

check, we have carried out x-ray-diffraction measurements

on our x=0.35 samples and found that the most intense FIG. 2. Raman spectra of LCMO (x=0.35) for temperatures
Bragg peaks can be indexed onto a cubic unit cell vaith above and below=272K.

~3.863A. The excellent agreement with the results of Dai . . . .
et a1 is consistent with our expectations of orthorhombicatoms are situated at sites that are centers of inversion, and

symmetry hence they must be stationary in any Raman-active or even
The crystallites in our samples are thus assumed to havevébratlon' The @2) apical oxygens and the L&Ca) atoms

structure with orthorhombic symmetry described by thedre N sm_as W'th reflection symmet(s), and the QL) at-

Pnma D1%) space group®® There are four molecular units o> & ¢ inC, sites. All the O and La atoms thus can par-
.- 2h ) ) ticipate in the Raman-active vibrations.

(60 vibrational modes at the zone center the unit cell

whose symmetry operations are those of g, point

group. A correlation of the site symmetrfésvith the crystal

symmetry enables one to identify the irreducible representa-

tions that describe the various normal modes of vibratio

associated with each atomic species at the center of the Bri

louin zone:

Intensity (arbitrary)

T=15K

0 100 200 300 400 500 600 700 800

1. VIBRATIONAL SPECTRUM OF LCM %0

The low-energy ©<800cml) Raman spectra of
_CM 160 (x=0.35) are shown in Fig. 2 for a series of tem-
peratures both above and below the transition. As shown in
the figure, the vibrational modes become noticeably stronger
and sharper as the temperature is lowered. In particular, the
Ci [80(1)]: 3Ay+3B13+3By two modes with nominal frequencies of 230 and 430 &m
which are barely visible at room temperature become well
+3BagH3A,+ 3By, + 3Bay+ 3By, defined as the temperature is reduced below about 250 K.
There are five peaks that can be identified at low tempera-

Cs [4LaCa) and 4Q2)]: 4A4+2B;4+4By tures that occur at 70, 133, 235, 435, and 670 tand a
broad feature at about 670 ¢ Although they were not

+2B3q+2A,+4B,+2By,+ 2By, studied in detail, spectra were also obtained from samples
with x=0.2 in the frequency range 200-500 ¢ These

Ci (4Mn): 3A,+3By,+3By,+3Bs,. spectra were similar to the 0.35 spectra except for a fre-

quency shift to higher energi€3able ) of the mode near
The even modes are all Raman active, and thus there are280 cm' . The number of modes and temperature depen-
total of 24 Raman-active modes that might appear in thelence of the spectra shown in Fig. 2 are qualitatively similar
spectrum, but we have observed only a few of these. Unforto spectra obtained by lliest al?”?®from the orthorhombic
tunately, since our spectra were obtained from pressed pelindoped compound LaMn@nd by Podobedest al?® from
lets, we cannot definitively identify the mode symmetries. INLSMO. The phonon frequencies for the three compounds are
this regard, however, it is important to note that the Mnsummarized in Table I.
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TABLE I. Frequenciesin cm™?) of the principal features of the spectra shown in Figs. 2 and 3 for the
isotope-exchanged samples with calcium concentratio.35. Frequencies from samples witk 0.20 are
also included, but only the @) mode was well defined in these spectra. The uncertainties in the frequencies
are =2 cm ! unless otherwise noted. Also included in the tafflst and last rowsare data obtained from
the undoped compoun@Refs. 27 and 2Band a Sr-doped compouriief. 29.

9365

wo
Compound w1 Wy {O(1) mod¢ w3 Wy
LaMnO, (Ref. 29 140 284 498 612
Lag <Can 39Mn 1604 70 133 235 436 670+5 cm Y
Lag gCap 3Mn 180, 70 133 227 415
Lag gfCay 2Mn 160, 243 433(+5 cm Y
Lag gfCay oMn 180, 233 425(+5 cm Y
Lag, gcSto.2gMn 180, (Ref. 29 232 440 K'y") 660

The spectra obtained from the LCRD sample are simi- samples, we were not able to determine the symmetries of
lar to those for LCM®O as can be seen from a comparisonthe various modes, which would assist in identifying their
of the low-temperature spectra shown in Fig. 3 for each comerigin. However, spectra have been obtained from single
pound. Here the higher-energy modes at 435 and 670'cm crystals of the undoped compoufiloMO) (Refs. 27 and 28
are shifted to lower energies by about 5% in the L&  and from LSMO?° which have the same structure as LCMO.
spectrum and can thus be attributed to vibrations of the oxyk the frequency range>200 cri !, the spectra are quali-
gen atoms. The mode at 230 chis also shifted to lower tatively similar and thus useful information, in the form of
energies by about 4% in the isotope-exchanged sample. Firode identification, can be obtained from a comparison of
nally, there appears to be some weak “fine structure” aroundhese results with our spectra. Podobederl > observed a
the 435-cm feature. The origin of these weaker features ismode near 220 cit (x=0.30) in LSMO whose frequency
not clear, but it would be interesting to attempt to correlateincreased rapidly with decreasingand reached a value of
these features with vibrations around the different mangaabout 280 cm?! for a Sr concentratiox=0. lliev et al?®
nese sites. The 230-cthmode, however, appears to be the also observed alg mode in LMO at 284 cm! that they
most interesting feature of the spectra shown in Fig. 2 in thahave assigned to the rotational soft mode on the basis of
its frequency is very sensitive to both temperat(Fe. 4 lattice dynamics calculations and comparisons with other
and Ca concentration as is demonstrated by the measurperovskite structures. This mode involves motion of th{&)O
ments on the 0.2 samp(@able ). atoms and an effective rotation of the MnO octahedra. It

Since our spectra were obtained from polycrystalline

240
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FIG. 4. Temperature dependence of the frequencyapfthe

O(1) phonon in LCM*0 (x=0.35) and LCM®O (x=0.35) and
(b) the 430-cm* phonon in both compounds.

FIG. 3. Low-temperature Raman spectra of L&W@ (x
=0.35) and LCM®O(x=0.35).
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should thus be sensitive to structural modifications, such as Frequency (cm™)
JT distortion, which are modified by doping. Finally, the
230-cmi ! mode we observe in LCMO is in the same fre- 05
guency range and exhibits a similar dependence on doping
These observations justify the assignment of a common vi-___
brational origin to this mode in all three compounds, an as- %
signment that is supported by the observation of an oxygen-5
isotope shift(Fig. 3). We will thus tentatively assume the
same @1) origin®® for the mode and designate the 230-¢m
feature and its analog in LMO and LSMO as thélDpho-
non, with frequencyw, and linewidthl.

290 260 230 200
T T T T T T

04

03

02F

0.1F
IV. DOPING DEPENDENCE OF THE O (1) PHONON
FREQUENCY

Ca(Sr) Concentrati

00 F

The above assignment does not appear to be completel
consistent with observation in that the frequency is very sen- 01
sitive to the Ca or Sr concentration and in fact decreases with
increasing Ca concentration. It is possible that the(Ca) Tolerance Factor (t)
atoms could be involved in the vibration, but this would )
imply that the frequency should increase as the lighter Ca FIG: 5. Plot of the tolerance factdras a function of Ca con-
atoms are substituted for La, which is in direct contrast to th&entration in LCM-O (solid line) and Sr concentration in LSHO
observed behavior. The substitution of Ca has an additionaflashed line The measured frequencies of th&1Pphonon in
indirect effect, however, in that it causes structural changekCM O are shown as solid squares and SUpggposed on the plot.
that influence the amount of distortion in the lattice. The Iso, frequencies thamed from Ref._29 for L D are shown in
observed frequency shifts of the(D) phonon with doping the plot for three dlfferent values af(diamonds$. Finally, the large

. L . square near 280 cm represents the results for LM®efs. 28 and
appear to be determined by the strength of this distortion. T
demonstrate this more clearly, we will use the tolerance
factof**

‘ 1 : 1
0.95 0.96 0.97 0.98 0.99

for LCMO from Table | are superimposed on the same plot.
Although the amount of data is limited, there appears to be a
(rp)+rg good correlation betweenand the @1) phonon frequency

= <FB>—+F0 (1) wgo. Thus we will attribute variations iy with x to the

structural modifications induced by Ca or Sr doping. It is
to characterize the structural modifications caused by Cinteresting to notgFig. 5) that o, increases as the Mh
substitution. Here(r) is the average ionic radius of the concentration decreases.
La®* (C&™) ions and(rg) is the average radius of the Bin
(Mn*") ions. The tolerance factdr=1 for the ideal perov-
skite structure and becomes smaller{ag) is reduced and
the lattice becomes more distort&dAs (r ) is reduced, the
MnQOg polyhedra adjust themselves to the smallextoms by As remarked above, the frequency of thé1Dphonon
rotation and tilting. This in turn leads to departures of the(wy) hardens significantlyFig. 4) as the temperature is re-
Mn-O-Mn angle from 180°, which leads to a reduction of theduced from a value just abovE, to about 15 K. The tem-
double-exchange interaction. Sasekial** found a relation perature dependence of the 435-¢nmode is shown in Fig.
between the bond angle and tolerance factor, and more réb) for comparison purposes. In this case the mode is ob-
cently other§**>~*"have shown that the resistivity and tran- served only in spectra obtained beldw and it exhibits a
sition temperature in the manganates are correlated with th@ore typical anharmonic temperature depend&hice that
tolerance factor. This suggests that one should also search fttere is very little variation below 100 K.
a correlation between the frequency of thélOphonon and As is evident from Fig. 4w, undergoes a rather abrupt
the tolerance factor. increase in frequenci~4 cm ?) as the temperature is low-

We have thus determinetdas a function ofx using the ered through the transition &.. Furthermore, as the tem-

ionic radii given by Shannoff In this case the appropriate perature is lowered from about 250 to 15 K, the frequency of
radii (in angstroms are r(La®>")=1.36, r(C&")=1.34, the mode continues to increase at a rate that appears to be in
r(Mn®)=0.645, r(Mn*")=0.53, r(0?>)=1.40, and excess of normal anharmonic variatidfist first glance one
r(SP")=1.44. For the stoichiometric oxygen formula con- might assume that the frequency shiftTatshould be attrib-
tent of 3.0, the MA™ content is given by. The results are uted to a structural change that occurs as the sample goes
plotted in Fig. 5 where it can be seen that the addition of Cdrom the Pl phase to the FM phase. However, it is expected
or Sr to LMO results in an approximately linear increasé of that such a structural change should result in the decrease of
with increasingx. Thus, although the addition of Ca reducesthe number of Jahn-Teller sifé4®and hence a more ordered
(r ), this is offset by the greater reduction(ing) caused by structure at lower temperature. The phonon frequency should
the corresponding increase in the f¥nconcentration. The then decrease to be consistent with the behavior shown in
frequencies of the @) mode for LSMO from Ref. 29 and Fig. 5. Sincew, actually increases af., it is clear that

V. TEMPERATURE DEPENDENCE OF THE O (1)
PHONON FREQUENCY
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tween model and experiment is quite good in that the model
captures the rather abrupt changes that occur mgaand
B o reproduces the overall dependence Drin a satisfactory
""""""""""""""" manner. The fact that bandwidth changes appear to deter-
) mine the increase iwg at T, in conjunction with the ex-
ol hd . . pectation of increased order beloly, and the consequent
e implications of Fig. 5, suggests that there are no significant
Q structural modifications af ..
\ For the purpose of the fits shown in Fig.4&T) is as-
sumed to be the same for both compounds and this leads to a
10% increase in the value @f for LCM 0. However, one
can see from Eqg2) and (3) that B=|M4|*/w,, and since
IMql?wq, the fitting parameteg should be independent of
isotope exchange. One should note, however, that the in-
"'““'»--’._\ crease in the fitting parameters occurs becdusg 15 K)
~~~~~~ —&4(Te)} is about 1 cm* or 10% larger for LCM®O than
~ it is for LCM %0. Since this difference is comparable with
o ¢ the experimental uncertainty in the individual points, it is
20 \ difficult to make any definitive statements concerning the
018 LN different magnitudes of/(T) that are implied by the fitting
(b) 3, procedure. However, it is interesting to speculate on the con-
sequences of using the polaron bandwitlth: y(T) y(T),
e os os  1s 52 Where Yo(T) = exp{—=|ug*(ng+1/2)}, in Eqg. (2) for the fit-
ting process. Heréug| =|Mq/wq|*(wq) "2 and thusy, is
TIT sensitive to isotope exchange. In fact, Shengelayal?®
c have found that oxygen isotope exchange leads to a 10%
reduction in the bandwidthV, and thus the use o in Eq.
(2) for the fitting process would thus lead to a consté@nin
other words, the temperature dependence would still be de-
termined primarily® by y(T), but the magnitude of the
andwidth would depend on the atomic mass throyg(T).

e must emphasize, however, that the present data are not
precise enough to allow us to draw any firm conclusions
_regarding the role of the polaron bandwidth in determining
Jpe phonon frequencies.

Our results can also be compared to the extended x-ray-
sorption fine-structuré€EXAFS) measurements of Booth
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FIG. 6. Comparison of frequencies obtained from &.in text
(dashed ling with the measured frequenciésolid circles in (a)
LCM %0 (x=0.35) and(b) LCM ®0 (x=0.35).

additional mechanisms must be influential in determining th
temperature dependence of thé1Dphonon frequency. In

this regard Millis et al®>!° have suggested that a strong
electron-phonon interaction in combination with the double
exchange mechanism is required to explain the properties
the CMR compounds. This scenario has been investigatedb
theoretically by Lee and Mitf who found a

et al’® who have shown that the Mn-O bond lengths are

essentially independent of temperature and, in particular, are
~2_ 2 , 1 NK— Ny q rather insensitive to the PI-to-FM transition. On the other
(g = g~ 2wg Mgl YT) K teg— ' @) hand, they found that the Debye-Waller broadening param-

o _ _ eter o for the Mn-O bond decreases significantly n&ar,
whereay is the renormalized frequencly] , is the electron-  which is consistent with an increase in the Mn-O spring con-

phonon coupling constant, ant and t, are the number stant and hence the(D frequencyw.
operator and transfer integral, respectively] y(T)]

=t(cos(@;/2)) is the “double exchange” bandwidth, where
is the hopping paramete#;; is the angle between the spins
on sites andj and the brackets indicate a mean-field average The linewidthI', of the Q1) phonon has been determined
over all sites. For the purposes of comparison with the datgrom Lorentzian fits to both the LCNO and LCM?O

VI. TEMPERATURE DEPENDENCE OF TI'y

Eq. (2) can be rewritten as spectra at various temperatures. In determining the line-
widths a linear background term was added to the Lorentzian

g~ g h—ﬁ/ (1), 3) profile to ob'tam' good fits to the measured'promexamples

are shown in Fig. ). The values fol"; obtained from these
where g is approximately independent of temperattfre. fits are plotted as a function of temperature in Fig. 8. Again,

To calculate the renormalized frequency for comparisorthe transition temperatures are marked by a clearly observ-
with experiment, we have obtained values for the “double-able change in the temperature dependendgycdt T,.. At
exchange” parametey(T) in the mean-field approximation the critical temperature the linewidify, changes abruptly in
as described by Kubo and OhafaA comparison with the both compounds and then decreases rapidly in the region
data is shown in Fig. 6 where we have plotteg versus 230K<T<270K. The change i’y that occurs neafl
T/T, with B=0.147 for LCM*0O and 8=0.164 for could be associated with a structural change in the material
LCM 80. As is evident from the figure, the agreement be-that leads to increased order beldw. However, as dis-
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FIG. 7. Examples of Lorentzian fits to the measured line shapes
of the O(1) phonon in LCM*®0 (x=0.35) for temperatures above FIG. 9. Comparison of linewidthE, obtained from Eq(5) in
and belowT, . text (dashed lineswith the measured valugsolid circleg for (a)
LCM 0 (x=0.35) and(b) LCM 0 (x=0.35).
cussed above, such a structural change should lead to a de-
crease iwg (Fig. 5. This is certainly not consistent with the where J(Er) andvg are the density of states and velocity at
observed increas@ig. 4) in the mode frequency &.. We  the Fermi surface. Here we assume that the temperature de-
thus conclude that other broadening mechanisms are mogendence of’, is determined primarily byy(T). To com-
important in this temperature range. pare with experiment we can dividg, into two parts, a
To investigate the line broadening in more detail, we cartemperature-independent parf’; and a temperature-
again compare our results to the calculations of Lee andependent parf:
Min.% In their model the phonon linewidth is given by

[o=T1+T =1+ C/H{y(T)}2 (5

TJ(Ep) 1 C(q) o . ,
20eq Y(T)2 = N (4)  The linewidths obtained from Ed5) with I';=8.14(4.36)
F9 Y and C=2.47(3.29) for LCM®0 (LCM *0) are compared
with the experimental results in Fig. 9. HepéT) was again

['q=2wq|Mg|?

18 T T r r r r ; . : .
determined following Ref. 50 and is again assumed to be the

Lag.g5Cap;35Mn03 ] same for both compounds. As can be seen from the figure,

161 (230 crr1 phonon) 7 the agreement between model and experiment is very good

in that the major features of the data are reproduced. That is,
the rather abrupt change iy nearT, and the continuing
decrease a3 is reduced further are nicely captured by the
model. The temperature-independent component that arises
from the fits may be associated with structural distortions
that remain approximately constant as the temperature is
lowered, consistent with the absence of structural modifica-
tions atT,.

We can also note that it is very clear from the spectra that
the measured linewidths in LCHMO are consistently smaller
6, 50 0 0 200 250 300 than those in the L.CI\#"O spectra. This observation appears

Temperature [K] to be consistent with the predictions of Lee and fisince
from Eg.(4) we can see thdfqocCoc|Mq|2wqocw§. Oxygen

FIG. 8. Temperature dependence of the half width at half maxiisotope exchange should thus lead to a reductidn,iof up

mum (HWHM) of the Q1) phonon for LCM0 (x=0.35) and to {M(18)—M(16)}/M(16) or about 12.5%. As is evident
LCM 0 (x=0.35). from Fig. 8, this prediction is in reasonable agreement with

-
E-N
T

Line half-width [cm-1]
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the measured difference of about 1.5Crat room tempera-  smaller than those obtained from the LGfD spectra. We
ture. We can also notg-ig. 9 that the change in linewidth have also noted that this difference can be attributed to the
with temperaturel o(T,) —I'4(15K), is about 1 cm* (25%)  smaller electron-phonon coupling constant in L&¥@. This
greater for LCM®0 than it is for LCM™0. With fixed s consistent with the observation that the spectra obtained
¥(T), the fit to the'®0 data thus leads to a correspondingfrom LCM 80 are qualitatively superior in terms of clarity
increase in the consta This result appears to be in con- and background than those obtained from L&®@. How-

flict with the isotope-induced change in linewidth which re- ever, there is also a significant constant contribufigr Eq.
quires a reduction irC for LCM *®0. However, one must (5)] involved in the linewidth fits. Thus it is reasonable to
again note that the difference of 1 chbetween the tem- assume that the phonon linewidth is influenced by several
perature variations for th€O and*0 linewidths is compa- factors. For example, one might speculate that spin-phonon
rable to the experimental uncertainty involved in the indi-interactions play a role and that the redudd®&ef. 20 in the
vidual linewidth measurements, and thus it is difficult to LCM 0 compounds results in a reduced spin-phonon
draw definitive conclusions. It is again interesting to note,interaction°? A quantitative estimate of such a contribution

however, that if the polaron bandwidth was used in the fittingwill require a much more detailed comparison with the re-
equation(5), one would be able to use the smaller valu€of  sults of magnetic measuremenits.

that is required to obtain agreement between (Bgand the
smaller linewidths that are observed in LCRO (Fig. 9). VIll. CONCLUSIONS
It is somewhat surprising that a Lorentzian profile pro- :

vides an excellent fit to the measured line shéfig. 7) for The Raman spectra of the CMR compounds
all T<T.. In other words, there is no hint of a Fano profile LcM %0 (T.=270K) and LCM?®0 (T.=262K) have
asymmetry® in the phonon line shapes, at any temeperaturepeen measured as a function of temperature. The vibrational
that would occur because of coupling to an electronic conspectrum is weak at 300 K, but increases in strength as the
tinuum as is observédin some other strongly correlated temperature is reduced to 15 K. This behavior and the ob-
electron systems such as Yfas0,. Thus the phonon line  served mode structure are similar to the spectra observed for
shape does not provide any indication of the increase in cathe related compounds LM@Refs. 27 and 28and LSMO?°
rier concentration that presumably occurs belw It might  The most interesting feature in the LCMO spectra is a mode
be possible that the “free” electron density might remain that arises from vibrations of the(D atoms. The frequency
small and the typical Fano effect is not observable. Since thig,, of this mode hardens significantly when the Ca concen-
possibility is at variance with transport measureméhfS,  tration in LCMO (or the Sr concentration in LSMQs re-
we do not have a satisfactory explanation for the absence @fuced. We have shown that the doping dependence of the
an observeable Fano interaction. phonon frequency is correlated with the distortion in the lat-
tice by using the tolerance factor to characterize the distor-
tion in compounds with different dopings. This correlation
suggests that the phonon frequency decreases as the distor-

The effects of isotope exchange on the Raman spectruiiion in the lattice decreases or as the Mn-O-Mn bond angle
are shown in Fig. 3 where the low-temperature spectra opecomes larger and approaches 180°.
LCM %0 and LCM*®0 are directly compared. From the fig- ~ The Q1) phonon frequency hardens noticeably as the
ure it is evident that some of the modes are shifted to lowesample is cooled through, and continues to harden as the
frequencies, indicating the contribution of oxygen vibrationssample is cooled to 15 K. This dependencewgfon tem-
to that particular mode. The (@ mode is shifted by about perature is qualitatively reproduced by a mddéhat incor-
4%, which suggests that the crystal is not completely exporates a double-exchange mechanism in the presence of an
changed or that both O and La atoms are involved in thelectron-phonon interaction. In this case the temperature de-
vibration. In this regard the samples were fotfifd to be  pendence of the phonon is determined by the temperature
82% exchanged from weight measurements. The 435tcm dependence of the effective “double-exchange” bandwidth
mode is shifted by about 5%, which is about the maximumy(T). The observed abrupt increasewg nearT, (Fig. 5) is
(5.7% obtainable by oxygen isotope exchange. This sug#icely described by the predict&dvariation iny(T), which
gests that only oxygen atoms are involved in the vibrationjmplies that there are no significant structural changes at the
consistent with the relatively large frequency of the modetransition. These features are consistent with EXAFS
Similarily, one would expect that any higher-frequency measurements which imply an increase in phonon fre-
modes arise from vibrations of the oxygen atoms. As notedjuency as the sample is cooled throughwithout any sig-
above, however, the exchange of isotope might also have anificant changes in the Mn-O bond angles at the transition.
indirect effect on the frequency because of the reduction in The linewidth of the @1) phonon is found to decrease
the effective bandwidth caused by the heavier isotope. If onsignificantly just belowrl ., and continues to decreaseTas
uses Eq(2) to estimate the possible effect of this reductionreduced further, in both LCNO and LCM®0. The ob-
in bandwidth, one finds that the phonon frequency is reducederved dependence ®f, on temperature is also described
by about 2% due to a 10% change in bandwidth. The effectery well by assuming that it is determined by the variation
is thus non-negligible relative to the mass-induced shift anaf y with T. We have also found that the linewidth of the
could complicate the determination of the degree of isotop@(1) phonon is smaller in LCM®O than it is in LCMO.
exchange from phonon measurements. This decrease is predicted by the model of Lee and3#in

In the case of the linewidth measurements, we have notednd can be attributed to the fact that the electron-phonon
that the measured values Bf for LCM 80 are noticeably coupling constant is smaller in LCMO than it is in

VII. INFLUENCE OF OXYGEN ISOTOPE EXCHANGE
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