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Frequency Shifts of the Internal Phonon Modes inl.ag7Cag3MnQO3
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Infrared reflectivity spectra were measured for a polycrystalling CasMnO; sample. The internal
phonon modes, i.e., the bending and stretching modes, of thesMmfahedra show significant
frequency shifts near the Curie temperatdie The frequency shifts of the internal phonon modes
were found to have a linear relationship with the excess lattice expansion dpowehich deviates
from a prediction of the Griineisen law. A strong electron-phonon coupling and a crossover from small
to large polaronic states are attributed to the observed frequency shifts. [S0031-9007(96)01066-6]

PACS numbers: 78.30.—j, 63.80.Kr, 72.15.Gd, 75.80.+q

Recently, perovskite La,A,MnO; (A is a divalent a pellet under 200 MPa using a cold isostatic pressing,
element such as Sr and Ca) has attracted much attenti@md sintered. Sintering condition was optimized to get a
due to its large negative magnetoresistance. For a broahample of a high density, i.e., 98% of its theoretical value.
range of doping concentration, i.€,2 = x =< 0.5, this  The sample was finally annealed at 1200for 24 h in a
material has a ferromagnetic (FM) ordering Bt [1].  flowing oxygen atmosphere. A powder x-ray diffraction
Interestingly, a typical temperature dependent resistivitystudy showed that the LCMO sample is a single phase with
curve of La—,A,MnO; shows an insulating behavior a pseudocubic perovskite structure. The inset of Fig. 1
aboveT . and a metallic behavior belo®,. shows a magnetization curve which was measured under a

The coexistence of the FM ordering and the metallic bemagnetic field of 100 Oe after a field cooling: the LCMO
havior has been traditionally explained within a frameworksample has a FM ordering @& = 250 K. The inset also
of the double exchange (DE) model [2], which is based on &hows that temperature dependent dc resistipity,), de-
strong exchange interaction between itineearaind local-  creases sharply ned.
izedr,, electrons. However, a recent calculation by Millis ~ Before IR reflectivity measurements, the LCMO sample
et al. indicated that the DE model alone cannot explain rewas polished up t6.3 wm. Near normal incidence reflec-
sistivity and magnetoresistance effects quantitatively [3,4]tivity spectra were measured using a Fourier-transform IR
In addition to the DE physics, they proposed that a latticespectrophotometer between 50 &80 cm™!, and a grat-
polaron due to a strong electron-phonon interaction playsg spectrophotometer between 3000 ad)00 cm™!.
an important role. Especially, they claimed that the latticeTemperature of the sample was varied with a liquid He-
distortion due to the Jahn-Teller splitting of the outer Mncooled cryostat.
dlevel is important. There have been lots of experimental

works [5,6] which suggest importance of the electron- o . 1 T T T

lattice coupling in the manganese oxide, but a clear con- 1.0 —\\w

nection to the polaron effect is still lacking. B :\'\/W
Infrared (IR) phonon spectra are sensitive to local lat- 1.0 _N

tice distortions [4,7]. Okimotcet al.[8] measured op- 10—

tical spectra of a single crystal La Sr,MnOs, but its 0 _N_ 0

phonon spectra were not studied in detail. In this Letter, g 260 k 1°

we report our investigations on IR spectra of a polycrystal- § 280 K| g

line Lay7Ca3MnO; (LCMO) sample. While the sample = WK1,

enters from a paramagnetic insulating state into a FM & B -0

metallic state, the transverse optic (TO) phonon frequen- B —°

cies for the bending and stretching modes increase by 10 e

and20 cm™!, respectively. These phonon frequency shifts 3 ]

will be compared with predictions of a model by Lee and 050 700 750 200 250 300

Min [9], which combines the DE interaction and the lat- LT | |

tice polaron. This work indicates that the electron-phonon 0 200 400 600 800

coupling plays an important role in the lattice dynamics of Wavenumber (cm™")

the manganese oxide. .
. . FIG. 1. Infrared reflectivity spectra of the §.#a;Mn0O;
A polycrystalline LCMO sample was synthesized by asample. The inset displays temperature dependent resistivity

standard solid-state reaction method [10]. After calciningand magnetization curves.” The magnetization was measured at
and grinding repeatedly, resulting powder was pressed intb00 Oe after a field cooling.
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Figure 1 shows temperature dependent IR reflectivity
spectra. At 300 K, the spectrum shows three main phonon
bands. For a cubic perovskite [11], twelve optic phonons 500
for ¢ = 0 transform as the3fF,, + F»,) triply degenerate 500
irreducible representations of th@,(m3m) point group. 500
The F,, mode is IR inactive, and threg;, modes are 500
IR active. TheF;, phonon modes are called “external,” 500
“bending,” or “stretching” modes, depending on the types 500
of collective motions. The external mode, located around 500
170 cm™!, represents a vibrating motion of the La (Ca)
ions against the Mn@octahedra. The bending mode,
located around30 cm™!, reflects an internal motion of
the Mn and O ions located along a particular direction ! ! ! !
against the other oxygen ions in a plane perpendicular to 0 200 400 600 800
the direction. This mode is strongly affected by a change Wavenumber (cm™")

in the Mn-O-Mn bond angle. The stretching mode, Iocateq:IG_ 2. Optical conductivity spectra of the LCMO sample at

_1 . .
near580 cm™, corresponds to an internal motion of the \arious temperatures. The room temperature positions of TO
Mn ion against the oxygen octahedron and is sensitive t@honon frequencies are shown as dotted lines. As temperature
the Mn-O bond length [11]. decreases, the TO phonon frequencies of the bending and

Optical conductivity, o(w), was obtained from the stretching modes increase significantly.
Kramers-Kronig transformation of the reflectiviR. For
a high frequency extrapolatioR, above53 000 cm™! was  ers, respectively. AndS;, wr;, andy; are the strength,
assumed to be constant up to 35 eV and havé depen-  frequency, and width of thgh Lorentz oscillator, respec-
dence above 35 eV. For alow frequency extrapolation, thévely, wherej = 1-3 represent three phonon modes and
Hagen-Rubens relation was usé&tl= 1 — \2wpr/7, j = 4 a mid-IR absorption band.
where p1r is the dc resistivity obtained by extrapolating The TO phonon frequencies obtained from the fitting
the IR data. It is found thapig is smaller than the are shown in Fig. 3. Whilawr; is nearly independent
measuredo by 1 or 2 orders of magnitude. A similar of T, wr, and wyz change notably around. For the
behavior was observed in the microwave region andending modewr, is327 cm™! at 300 K and increases to
attributed to tunneling across intergranular barriers [12]337 cm™! at 160 K, resulting in a shift of0 cm™~!. Forthe
We changed the annealing conditions and obtained LCMGtretching modegr3 changes fron73 cm™! at 300 K to
samples withp between 30 and00 mQ cm. However, 593 cm™! at 160 K, resulting in a shift df0 cm™!. These
these samples had almost the same IR reflectivities, sug-
gesting thaip is strongly influenced by intergranular con- 6800

o(w) (@7 'em™)

o O O O O O O

duction and thapr reveals a more intrinsic property of  —~

LCMO. A detailed study on this effect will be published ¢ °°° X 7

elsewhere [13]. L 580 - .
The spectra ofr(w) are shown in Fig. 2. Three strong e 570 | J ]

TO phonon peaks corresponding to the external, bending, S Tte ) A T R S

and stretching modes are observed agt;, wr,, and 350

)

w73, respectively. At a low frequency region, there isa =
Lok . . 340 |- -
contribution from free carriers. AF is lowered, the free ] 3

carrier contribution screens the external phonon mode. 330 - 7
The line shapes of the phonon peaks are quite asymmetric, 320 TcJ, -
indicating that electron-phonon coupling is strong in the R o) M RN RS B R
LCMO sample. In Fig. 2, it is important to note that 7T

wrp (em”

w7, and wrs change asl decreases. AJ is lowered, n 180 |- N
both w7, andwr; clearly shift to higher frequencies. The g 170 ... O I 1 ..}_,.}..i,.} ...................... N
dielectric function,é(w), of LCMO was modeled with a 180} N
Drude function and four Lorentz oscillators [14], 3 150 L J i
I 1 I} L L | 1 1 1 1 I 1 1 ] 1 I L
w; 4 S; 150 200 250 300
E(w)=€x— —————— + 5 ,
(02 +io/T) 5ol - 0 —iyjoe Temperature (K)

1) FIG. 3. TO phonon frequencies at various temperatures. The
L L. _ solid lines for wr, and wr; are predictions of a model by
where e, is high frequency limit ofé(w). @, and7  |ee and Min [9], which considers polaron transport and lattice
are plasma frequency and relaxation time of free carridynamics.
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frequency shifts indicate that the Mn-O-Mn bond angle anctient« nearT¢, andA w7, andA w73 might be related to
the Mn-O distance change near the metal-insulator (MIsuch an effect. For example, a similar magnetoelastic be-
transition. havior was observed in EuO, which also shows a magne-

Figure 4 shows the temperature dependent lattice corteresistance nedf [16]. The Ehrenfest relation predicts
stant,a(T), which was measured from x-ray diffraction thatAa = (AC,/3T¢V)(dTc/dP), whereC, andV are
studies. Within our experimental resolution, LCMO re- a specific heat and a volume of the sample, respectively.
mained in a pseudocubic phase above and b&lewThe The pressure dependence &f, (dT¢/dP), is found to
increase of(T) between 80 and 300 K is about 0.005 A, be quite large (i.e., 16 KGPa) [17] for this manganese
corresponding to a length change ©0.13%. Note that oxide. From the known values aAC, =~ 40 J/Kmol
a(T) changes significantly nedic. A maximum of ther-  [18], it is estimated thaha =~ 2.4 X 107> K~!, which is
mal expansivity,d[a(T)/a(160 K)]/dT, is located near comparable to the expansivity observed in Fig. 4. How-
245 K, suggesting that the change in the lattice constardgver, a magnetoelastic effect cannot be a main source for
is closely related to the MI transition. To see this effectthe phonon frequency shifts in LCMO for the following
more clearly, a thermal lattice expansion due to anharthree reasons: first, the shapecoin Fig. 4 cannot be fit-
monicity, a,»(7T), was evaluated with the Griineisen law ted with an observed-like shape ofC,/T by Ramirez
with its Debye temperature of 530 K [15] and drawn as aet al. [18]. Second, the change i, shown in the in-
dotted line in Fig. 4. There exists an excess lattice exset of Fig. 1, occurs in a very narrow temperature region
pansion,a.x = (a — a,y), aboveTc. A similar effect nearTc, so a typical dependence betwek#’ /V and M
was observed in LgYo07Ca33MnO; and attributed to  (such asAV/V « M?) cannot be satisfied. Third, the
the polaron effect by Ibarrat al. [5]. magnitude ofAwr; observed in LCMO is larger by 1 or

As shown in Fig. 5, a normalized change of the lattice2 orders of magnitude than that in other materials with a
constant, Aae/a = [ax(T) — aex (160 K)]/a(160 K),  similar magnitude foA o [19].
increases drastically nedic and starts to saturate near The anomalously largld wy; near the MI transition
270 K. Normalized changes of the bending and stretchinguggests that there is a strong electron-phonon coupling
phonon peaks,Awr;/wr; = [wr;j(160 K) — w7;(T)]/  in LCMO [20]. And, it is quite possible that a formation
w7j(160 K), are also plotted with solid squares andof a local lattice distortion, called a “polaron,” results in
circles, respectively. It is quite clear that thevr, and  the largeAwr;. Recently, Lee and Min [9] investigated
Aw7s are almost linearly proportional tAa.. And, it  polaron transport and lattice dynamics using a model with
can also be inferred that,, does not affect much on the a DE Hamiltonian and an electron-phonon interaction. In
frequency shifts. Interestingly, the relative changes othe insulating region (i.e.T = T¢) a small polaron is
w12 and wrs are much larger than that af: compared formed. In the metallic region, the elementary excitation
to the value of 0.04% iMac/a, Awrj/wr; (j =2 and  becomes a large polaron due to an increase in the polaron
3) gives a large amount, i.e., about 3%. bandwidth,y(T) = (cog6/2)), which is a thermodynamic

A second-order magnetic phase transition is accompaverage of the cosine of the angle between the directions
nied by a discontinuity in the thermal expansion coeffi-
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FIG. 4. The temperature dependent lattice constant of
Lay;Ca3MnO;. A thermal expansion curve expected from FIG. 5. Relative changes of TO phonon frequencies and ex-

the Grineisen law is drawn as a dotted line. The dashed lineess lattice expansion. The solid squares and circles represent
shows thermal expansivity normalized with respect to the valueelative changes ofvr, and wrs;, respectively. Note that the

at 160 K, i.e..d[a(T)/a(160 K)]/dT. frequency shifts are proportional to the excess lattice expansion.
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