Journal of Solid State Chemistry 145, 557-563 (1999)

Article ID jssc.1999.8217, available online at http://www.idealibrary.com on "lE%

I@'

An Infrared Spectroscopic Study of the Insulator—Metal Transition
and Charge-Ordering in Rare Earth Manganates, Ln,_, A,MnO,
(Ln = Rare Earth, A= Ca, Sr, Pb)

Anthony Arulraj and C. N. R. Rao'

Solid State and Structural Chemistry Unit & CSIR Centre of Excellence in Chemistry, Indian Institute of Science, Bangalore 560012, India

Received September 8, 1998; in revised form February 2, 1999; accepted February 3, 1999

DEDICATED TO PROFESSOR PETER DAY

Infrared absorption spectra of rare earth manganates of the
type Lay,4,;MnQ; (4 = Pb, Sr, Ca) show that the compositions
which are metallic at room temperature do not exhibit phonon
bands, while the insulating compositions show sharp bands.
La,,Ca,;MnQO, shows some changes in the phonon frequencies
across the insulator—metal transition, but more importantly, the
temperature variation of the relative band intensities parallels
that of the electric resistivity. It appears that infrared absorption
in these materials occurs when the resistivity is higher than
Mott’s maximum metallic resistivity. Infrared absorption
spectra of Nd,;Ca,;sMnQO;, Y,sCa,sMnQO;, and Nd, ;Sr,sMnO,
have been investigated through their charge-ordering transition
temperatures. The band frequencies increase across the charge-
ordering transition accompanied by a significant increase in the
band intensities. The stretching and bending bands of the MnO,
octahedra show splittings in the charge-ordered manganates
consistent with the occurrence of octahedral distortion. Some
systematics in band frequencies are found with the average radius
of A-site cations in Lny4,sMnQO;. © 1999 Academic Press

INTRODUCTION

Rare earth manganates of the general formula Ln, _ . A4,
MnOj; (Ln = rare earth, 4 = Ca, Sr) have been investigated
extensively in the past few years because of the fascinating
phenomena and properties they exhibit (1-4). Colossal mag-
netoresistance in the manganates is one of the important
aspects of such investigations. The other equally interesting
aspect relates to charge ordering in the manganates,
specially favored in certain compositions such as those with
x = 0.5. While electron transfer from Mn** to Mn** by the
double-exchange mechanism gives rise to ferromagnetism
and metallicity in these manganates, ordering of the Mn?™*
and Mn*" ions renders them insulating and antiferromag-
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netic. In the manganates that exhibit a ferromagnetic metal-
lic (FMM) ground state, an insulator to metal transition
occurs around ferromagnetic Curie temperature, T, on
cooling the material. In the insulating state, Jahn-Teller
distortion due to the Mn®" ions plays an important role
and there is evidence for the presence of Jahn-Teller polar-
ons above T (4-6). Colossal magnetoresistance and charge
ordering in the manganates are associated with many inter-
esting features. For example, both these phenomena are
strongly influenced by the size of the A-site cation. The
ferromagnetic T¢ in the metallic state increases with the
increase in the weighted average radius ({r4)) of the A-site
cations. The charge ordering transition temperature, T co,
on the other hand, increases with the decrease in {r,). It has
been shown that a decrease in (r,» is accompanied by
a decrease in the Mn-O-Mn angle in both Lny 549 sMnO;
and Lng A4y 3MnQO; compositions. The average Mn-O dis-
tance increases slightly with decrease in <{(r ) in
Lny sAy sMnO5; and shows a minimum around 1.24 A in
Lngy 7A4¢.3MnOj; (7, 8).

In the manganates exhibiting charge ordering, several
types of behavior have been observed (8-10). Thus, in the
manganates of the composition LnysA4AysMnQOs5, the
charge-ordered (CO) insulating state is transformed to
the FMM state, on application of magnetic fields. Such
a magnetic-field induced transition occurs only when {r,) is
sufficiently large ({r ) > 1.17 A). The manganates with
{ryy < 1.17 A are nearly insensitive to magnetic fields. We
considered it important to investigate the rare earth manga-
nates by infrared absorption spectroscopy for several rea-
sons. Since in a genuine metallic state, phonon bands do not
appear in the infrared absorption spectra because of the
screening by the carriers; the intensities of the infrared
absorption bands would provide a means to investigate the
insulator-metal transition occuring around the ferromag-
netic T¢. One would also expect changes in the vibrational
band shapes and frequencies across such a transition, since
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Jahn-Teller effects would change across the transition.
Equally importantly, it should be possible to investigate
charge ordering in the manganates in terms of the changes
in the infrared band frequencies as well as intensities. In the
robust charge-ordered manganates, with low {r,>, we
would expect the cooperative Jahn-Teller effect to be opera-
tive. We report the results of a detailed infrared spectro-
scopic study on several manganates in this paper. The
studies reported in the literature hitherto have by and large
been concerned with frequency shifts in the reflectivity and
absorption spectra of a few limited compositions of manga-
nates of the type Lngy ;A4¢3MnOj3 (11, 12). The present in-
vestigation includes not only a variable-temperature and
composition study of the manganates of the type
Lng ;A4,.3MnOj5 , but also variable temperature studies of
several charge-ordered manganates of the composition
Lng.sAg sMnOs .

EXPERIMENTAL

Polycrystalline samples of LngsA4,.sMnO3 were pre-
pared by the conventional ceramic method using appropri-
ate mixtures of oxides and/or carbonates of the constituent
elements. The mixtures were first heated at 1473 K in air for
12h and then ground thoroughly, pelletized, and heated
again at 1673 K for 12 h in air. The final heating was done at
1773 K. The Lay ,A49.3Mn; _ Fe,O; (4 = Sr, Pb; x = 0.00,
0.03, 0.08) samples were prepared by the decomposition of
mixed nitrates. An appropriate mixture of oxides and/or
carbonates of the constituent elements was dissolved
in nitric acid and the solution was evaporated to dryness.
The mixture so obtained was preheated at 773 K in
air, pelletized, and heated at 1473 K for 12h. The
Lay ;Srg 3Mn, _ Fe, O3 samples were given a final heating
at 1673 K for 12h. The Mn** content in the samples was
determined by redox titrations and was generally close to
the expected value.

Electrical resistivity measurements were carried out from
300 to 20K by the four-probe method. The particle size of
the sample as well as the heat treatment were such that
intergrain effects were minimal. Infrared absorption spectra
were recorded with a Bruker IFS 113V FT-IR spectrometer.
A Specac variable temperature cell with liquid nitrogen as
coolant was used for low temperature studies.

RESULTS AND DISCUSSION

Infrared spectra of the rare earth manganates,
Ln; _,AMnQOs;, are characterized by bands due to the
stretching mode, v,, around 560 cm ~ ! involving the internal
motion of the Mn ion against the MnOg octahedron and the
bending mode, vy, around 400 cm ~ ! which is sensitive to the
Mn-O-Mn bond angle. A low frequency mode due to the
lattice mode, vy, occurs around 170 cm~!. Both v, and
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vy, would be sensitive to octahedral distortion and the asso-
ciated lowering of symmetry arising from charge-ordering
or Jahn-Teller effect. This would result in splitting of these
bands. We shall first examine the sensitivity of the infrared
absorption spectra to metallicity of the manganates. In
order to examine this problem, we have recorded the spectra
of orthorhombic LaMnQO3, La, ;Sry 3sMnO; (T = 360 K),
and La, ,Pby sMnO; (T = 330K). The last two are metal-
lic at room temperature (~ 300 K); we compare the spectra
of these manganates with those where part of the Mn3®™ is
substituted by Fe3* in order to render them insulating at
300 K, the T values having shifted to temperatures below
300 K in the Fe** substituted compositions (13). The spec-
trum of insulating LaMnQO5 shows the three bands as ex-
pected (Fig. 1). There are asymmetric or shoulder-like
features in v, due to the distorted MnOg octahedron. The Sr
and Pb substituted metallic samples do not, however, show
characteristic absorption bands while the insulating (Fe®*-
doped) samples show the presence of the three prominent
bands corresponding to the v, v,, and v;. This simple
experiment clearly demonstrates how the infrared absorp-
tion spectrum provides a means of following the insula-
tor-metal transition in manganates. It is noteworthy that
the bands due to the internal modes in both the Fe3*-
substituted La, -Srq 3MnQO; and the La, ,Pby ;MnO; sam-
ples appear as single bands with no evidence for splittings
due to octahedral distortion.

We have examined the variable-temperature infrared ab-
sorption spectra of a La, ,Cay 3;MnO5 sample which shows
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FIG. 1. Infrared spectra of (a) LaMnOs;, (b) Lay ,Sro.3;MnOs;, (c)

Lag.7S19.3Mng.0,Fe0.0803, (d) Lag.7PbosMnOs, (¢) Lag.;Pbg3Mng o7
Fe.0303.
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FIG. 2. Variable temperature infrared spectra of La, ,Cao 3;MnOs.

an insulator-metal transition around 263 K as revealed by
electrical resistivity measurements. In Fig. 2, we present
typical spectra, where we notice a progressive decrease in
the band intensities, with a decrease in temperature. In Fig.
3a, we have plotted the relative intensity of vs, vu, and vi
bands, Ir.1, against temperature taking the band height to be
unity at 300 K. We see from the figure that the intensities of
the stretching, bending modes and the external mode in-
crease on cooling and reach a maximum around 263 K and
then decreases on further cooling. The intensities become
negligible at low temperatures. The temperature variation of
;a1 is similar to that of electrical resistivity as can be seen
from a comparison of the plots in Figs. 3a and 3b. Thus, the
intensities of the infrared bands provide a good measure of
the electronic properties of the manganates. The intensity of
the band does not abruptly go to zero at the insulator-metal
transition, but decreases gradually at T < Tc just as the
resistivity. This is significant in that these manganates are
not good metals, but metals with a fairly high resistivity
(3,4). In principle one can think of a maximum metallic
resistivity, pmax, corresponding to Mott’s minimum metallic
conductivity (14, 15), only above which the infrared absorp-
tion bands would occur. The resistivities of the manganates
in the metallic regime (below Tc) are, in fact, well above
the pmax value of Mott. Consistent with the results on
Lao.7Ca0.3MnQO3 a variable temperature study of the in-
frared spectra of Lao.7Pbo.3sMnO3 (Tc = 330 K) has shown
that above Tc, broad phonon bands appear. There are no
discernible bands at room temperature (Fig. 1). In Fig. 4, we
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FIG. 3. (a) Temperature variation of the relative intensities of infrared
bands of Lag -,Cay3MnO;. (b) Temperature variation of the electrical
resistivity of La, ,Cao 3;MnOj3 sample employed for spectroscopic studies.

show temperature variation of the band frequencies vs, s,
and vL. Both the vs and v» vibrational frequencies show a
small increase below the temperature of the insulator-metal
transition (Tc). The lattice mode frequency shows a
minimum around this temperature. Such a change in
vibrational frequency is expected around T'c since electron—
lattice interaction and the Jahn-Teller distortion would
be expected to change across the transition. This is
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FIG. 4. Temperature variation of the characteristic vibrational fre-
quencies of La, ;Cag ;MnOs.
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particularly true of Lay ,Cay sMnO5 which has a relatively
narrow e, band and a smaller {(r,) compared to
Lay 4Srg 3(Pby.3)MnO;. The change in the band frequencies
may be taken as a signature of a small polaron to large
polaron transition in Lay ,Cao 3sMnOj5. There is evidence in
the literature to show that polarons play an important role
in the insulating state, at T > T (4-6). It is noteworthy that
the bands due to the internal modes, especially vy, which
appear essentially as single bands in insulating Fe** sub-
stituted Lag 5Sro 3sMnO5; and Lag ,Pby sMnO; (Fig. 1),
show evidence of splitting in La, ,Cay ;MnO5 with a small-
er {r,» (Fig. 2). The splitting signifies the lower symmetry of
the MnOyg octahedra, an aspect which we will examine in
some detail in the case of the charge-ordered manganates.
Among the manganates of the composition Lng sAg s
MnOj; exhibiting charge-ordering, Ndy sSrg sMnO; ({r) =
1.24 A) is unique in the sense that it is in the FMM state
around 258 K and becomes charge-ordered at ~ 150 K (16).
CO state is antiferromagnetic (CE type). On application of
a magnetic field, the charge-ordered state transforms to the
FMM state. We have examined the temperature variation
of the infrared spectra of Nd, 5Sry sMnQOj in order to study
the nature of changes in the absorption bands due to vy, vy,
and vy, especially around the charge-ordering transition.
We show typical spectra in Fig. 5. We note that the absorp-
tion bands are not clearly seen near and above 150 K where
the material is in the FMM state. The bands appear distinct-
ly only on cooling below T'¢o. The bands due to v, and v, are
seen as doubles in the CO state due to the lowered sym-

183K

123K

113K

103K

Q&

Transmittance (arb.units)

93K

1 1 1
400 300 200
cm’!

1 I
700 600 500

FIG. 5. Variable temperature infrared spectra of Nd, 5Sr, sMnOj;.
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FIG. 6. Temperature variation of the characteristics vibrational fre-
quencies of Ndg sSry sMnO;. The band positions above 130 K have not
been shown because of the uncertainty in fixing exact positions of the weak
intensity bands. There was, however, a discernible decrease in the frequen-
cies at T > 140 K.

metry of the MnQOs octahedra (Fig. 6). The point group
symmetry would be lower than On, possibly Dan or Cav (17).
We notice small increase in the frequency of the vs and vy
bands across Tco, but we have not plotted the data above
Tco in Fig. 6 due to uncertainty in fixing the positions of
these weak bands. The splitting of the bending mode in-
creases as the temperature is lowered. The vs and v, doublets
can, in principle, be assigned to the Mn®*Og and Mn**Os
octahedra which become distinct in the CO state. We do not
prefer such an assignment because there could be consider-
able vibrational coupling. In Fig. 7, we show plots of the
relative intensities of the vs and vv» bands against temper-
ature. The plots show an increase in Ir; around T'co. The
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FIG. 7. Temperature variation of the relative band intensities of
Ndy.sSt9.sMnOs5. Intensities of the split bands were taken to be the
average of the heights of the two peaks.
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increase in the band intensity on cooling below Tco is
consistent with the localized electron behavior in the insu-
lating CO phase. The variation in the intensity of the ex-
ternal mode shows evidence for charge-ordering features
even better than vs and vp (Fig. 7).

In contrast to the behavior of Ndo.sSro.sMnQOs3,
Ndo.5Cao.sMnQO3s as well as Yo.5Cao.sMnO3, with much
smaller <r4», do not exhibit the FMM state at any temper-
ature and are charge-ordered even at relatively high temper-
atures, with the charge-ordering temperature, Tco, in the
range 220-260 K (8, 9). The CO state transforms to a metal-
lic state on the application of very high magnetic fields in the
case of Ndo.5Cao.sMnO3 ((r4d = 1.17 A). Magnetic fields
have no effect on the CO state of Yo.5Cao.sMnO3
((ray =113 /OX). In Fig. 8, we show the variable temperature
infrared spectra of Ndo.sCao.sMnOs. Distinct phonon
bands appear in the entire temperature range, the only
change being the decrease in intensity with increase in
temperature. The spectra show a distinct doublet due to vs
at low temperatures, particularly below 240 K. This mater-
ial is known to show a charge-ordering transition around
220 K (8, 18) and this would cause octahedral distortion.
There are some changes in the frequencies of vs, vv, and
vL around this temperature (Fig. 9). The most distinct
change is in the lattice mode frequency which shows
a marked decrease below the charge-ordering transition.
The vs and v» mode frequencies are generally higher in the
charge-ordered state. The relative intensities of vs and vy
bands show an increase around Tco (Fig. 10), just as in
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FIG. 8. Variable temperature infrared spectra of Nd, sCa, sMnOs.
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FIG. 9. Temperature variation of the characteristic vibrational fre-
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Ndo.5Sr0.sMnOs. A preliminary study of charge-ordered
Pro.7Ca0.3MnOs3 also showed an increase in the relative
intensities of the three bands below T'co, indicating that this
behavior is characteristic of the changes near T'co. This is
consistent with the increase in resistivity below T'co.

In Fig. 11, we show the variable temperature infrared
spectra of Yo.5Cao.sMnOs. The band due to vs appears as
a triplet rather than a doublet in this manganate. The same
is true of the band due to ve. The charge-ordered state in this
manganate is robust because of the very small {rs) (1.13 A)
and effects due to Jahn-Teller distortion would be
maximum. The Ilattice distortion is also highest in
Yo.5Ca0.sMnO3 reaching 1.82% at low temperatures (8, 9).
The splitting of vs and v, bands is therefore not surprising
since it reflects the magnitude of departure of octahedral
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FIG. 10. Temperature variation of the relative band intensities of
Nd,.sCay sMnO;.
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FIG. 11. Variable temperature infrared spectra of Yy 5Cay sMnQO3. In

the inset, the variation of the characteristic frequencies of Y, sCag sMnOj
near T¢g is shown.

symmetry (17). The charge-ordered transition in this man-
ganate is around 260 K. There is a definitive increase in the
absorption frequencies at temperatures below T'co (see inset
of Fig. 11). It is somewhat surprising that the v. mode
frequency is higher in the CO state of this manganate
compared to Ndo.sCao.sMnOs. The relative intensities of vs
and vy bands increase below T'co.

It has been shown recently that the average Mn-O dis-
tance in Lno.sAo0.sMnQO3 increases while the Mn-O-Mn
angle decreases with a decrease in {r4) (19). The increase in
the Mn-O distance with (r4> is about 0.02 A, in the {(r4>
range of 1.12-1.24 A. The Mn-O-Mn angle, however, varies
significantly, decreasing from 175° to about 150° in this
range of (r4). The decrease in the Mn-O-Mn angle is
expected to decrease the Mn-Mn transfer integral. We
would therefore expect some variation in the vibrational
frequencies of Lno.sAo.sMnO3s with {r4). An increase in the
Mn-O distance (with decrease in <{r4») should decrease v
while the accompanying decrease in the Mn-O-Mn angle
should increase vy. With such changes in structure, there
would be changes in the local symmetry as well. In Fig. 12,
we show the variation in the vs and v, band frequencies.
There is a slight decrease in frequency of vs with an increase
in <{r4). The highest bending frequency in the manganates
shows a decrease with an increase in {r4). More exactly, the
splitting of the bending band increases with a decrease in
{ra)y or in the Mn-O-Mn angle. As mentioned earlier, in
Yo0.5Cao.sMnQs, with the smallest {r4)», the deformation
band is a triplet, just as the stretching band, due to the low
symmetry of the octahedron. At such small <{rs), the
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cooperative Jahn-Teller effect and associated distortions
become prominent.

CONCLUSIONS

Infrared spectra of rare earth manganates of the type
Lngy »Aq.3MnO3; which undergo insulator-metal transitions
around the ferromagnetic Curie temperature (due to the
double-exchange process) have been investigated across the
insulator-metal transition brought about by compositional
changes or temperature. Phonon band intensities decrease
markedly in the metallic phase and the frequencies show
some changes across the temperature-induced transition.
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That there are infrared absorption bands at all in the so-
called metallic phases of some of these materials is related to
their relatively high resistivities (higher than that permitted
by the Mott criterion). Thus, the temperature-variation of
the phonon intensities of Lao.7Cao.sMnO3 parallels that of
the electrical resistivity.

Charge-ordered manganates of the type Lno.sAo.sMnO3
show an increase in the band frequencies around the charge-
ordering transition, accompanied by a significant increase in
the intensities, the latter being consistent with the increase
in resistivity below the transition. At low temperatures,
these materials show extensive band splittings due to oc-
tahedral distortion arising from the Jahn-Teller effect.
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