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Infrared study of charge delocalization induced by pressure in the La0.75Ca0.25MnO3 manganite
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We measured the pressure dependence of the room-temperature infrared absorption spectrum of the
pseudocubic La0.75Ca0.25MnO3 manganite. On increasing pressure up to 10 Gpa we observe the increase of a
broad band associated with polaronic absorption, which partially screens the high-frequency phonon at high
pressures. We also measured absorption spectra of the same sample as a function of temperature, and of the
layered Sr1.5La0.5MnO4 manganite as a function of pressure. The comparison between different sets of spectra
clearly shows that the increase of the broad-band absorption observed in the La0.75Ca0.25MnO3 manganite is
due to a pressure-induced charge delocalization process. However, the metallic state is not achieved at room
temperature, at least in the explored pressure range.
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a

.
tr
on

oc

th
rm
ie
e
he
o

la
s
ss

nt
e
er
n
d
b
to

t o
th
be
th

een
the
em-

l
-
stab-

on,

n-

ep-
m

ned

n

I. INTRODUCTION

It is well known that the transport properties of mang
nese perovskitesA12xAx8MnO3 (A is the rare earth andA8 is
a divalent cation!1 are determined by two competing effects2

While the magnetic double exchange increases the elec
kinetic energy and hence charge delocalization, the str
Jahn-Teller~JT! coupling, which is at the origin of the JT
polarons, tends to localize the excess charge in the l
distortion of the oxygen octahedron around the Mn13 ion.3

The transition from the paramagnetic insulating phase to
ferromagnetic metallic phase may then be explained in te
of magnetic double exchange promoted by polaronic carr
along the path Mn13-O22-Mn14. In the above scenario, th
charge localization is directly related to the distortion of t
MnO6 octahedron. Diffraction measurements as a function
the temperature4 on La0.75Ca0.25MnO3 have indeed shown
that the large JT distortions of the octahedron in the insu
ing state reduces to vanishingly small values below the in
lator to metal ~IM ! transition temperature, when exce
charges are delocalized.

In studying the IM transition, also the role of theA-site
average ionic radiusRa5(12x)r A1xrA8 ~wherer A andr A8
are the ionic radii of theA andA8 atoms, respectively! has
been considered. In theT vs Ra phase diagram, at consta
dopingx, the increase ofRa produces both a reduction of th
octahedron distortion and an increase of the Curie temp
ture Tc .5,6 The common idea is that the IM transition ca
occur if a sufficient reduction of the ‘‘free volume’’ aroun
the A site is obtained. The octahedron is thus forced to
undistorted and the Mn-O-Mn bonding angle tends
180°.7,8 These structural modifications have the net resul
increasing the Mn-O-Mn hopping rate, and therefore
charge delocalization. This effect can in principle
achieved either by increasing the average dimension of
atom at theA site ~internal pressure! or by contracting the
cage of the MnO6 octahedra~external pressureP). Follow-
0163-1829/2001/63~18!/184410~5!/$20.00 63 1844
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ing this idea the effect of the external pressure has b
studied mainly by means of resistivity measurements in
0–2 GPa pressure range. A small increase of the Curie t
perature measured at ambient pressureTc(0) was indeed ob-
served by applying a pressureP in a small range on severa
pseudocubic manganites.7,9 As a matter of fact an equiva
lence between internal and external pressure has been e
lished in the 0–1.5 GPa pressure range,7 although recent Ra-
man experiments on La0.75Ca0.25MnO3 indicate that this
equivalence does not hold in the high pressure regime.10

Resistivity measurements have shown thatTc linearly in-
creases withP in the low pressure~LP! regime~0–1 GPa! an
that the absolute value of (dTc /dP)LP depends on
Tc(0).9,11,12 In particular, manganites with highTc(0) are
less sensitive to pressure than those with lowTc(0). In con-
sidering the pressure dependence ofTc , we recall that9

d ln Tc

dP
52

7

2
k~d!22u tan~u!k~u!22

da

dP
. ~1!

The first two terms represent the pure steric contributi
determined by the average Mn-O bond-length~d! compress-
ibility k(d) and by the O-Mn-O angle (u) compressibility
k(u). The last term in Eq.~1! is due to the pressure depe
dence of the phonon-carrier coupling parametera.13 For the
La0.75Ca0.25MnO3 manganite@Tc(0)5220 K# in the LP re-
gime, the steric contribute is;0.02 GPa21 ~from x-ray dif-
fraction data14! and (d ln Tc /dP)LP;0.09 GPa21 ~on the ba-
sis of the data available in literature9,11,15! Eq. ~1! thus yields
(22da/dP)LP;0.07 GPa21. As previously found,9 the
da/dP term has a dominant role in determiningdTc /dP in
low Tc manganites. Under the crude approximation of ke
ing constantdTc /dP over a wide pressure range, a roo
temperature metallization pressurePIM can be predicted
around 4–5 GPa for La0.75Ca0.25MnO3. A similar value for
PIM can be estimated by assuming the above mentio
equivalence between internal and external pressure.7 We
want to stress thatdTc /dP5const is a drastic assumption, i
©2001 The American Physical Society10-1
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A. CONGEDUTI et al. PHYSICAL REVIEW B 63 184410
that different experimental data suggest a slight decreas
dTc /dP even at low pressures.11,12

Infrared ~IR! spectroscopy is a powerful tool to stud
charge delocalization processes, as proved in particula
temperature dependent measurements on different lay
perovskites16 and on pseudocubic La12xCaxMnO3
manganites.17–19The absorption spectra of these compoun
in the insulating phase show that the high frequency
active phonons are superimposed on a broad backgro
This latter feature is very sensitive to the extent of cha
localization, being mainly related to the photoionization
the polarons originated by the excess charges self trappe
a local lattice distortion.16,17 The aim of the present work i
to study, by means of IR absorption spectroscopy, the ef
of the applied pressure on the charge delocalization in
La0.75Ca0.25MnO3 ~LCMO! manganite.

II. MEASUREMENTS AND RESULTS

We measured the absorption of LCMO in th
550–1300 cm21 IR range both at ambient pressure in t
temperature range 25–296 K, and at room temperature
function of pressure~up to 10 GPa!. The former measure
ments allow us to characterize the charge delocalization
fect on the absorption spectrum at the IM transition. Fina
we performed room temperature measurements as a fun
of pressure~up to 10 GPa! on the layered Sr1.5La0.5MnO4
~SLMO! manganite, which, at ambient pressure, is an in
lator at any temperature and doping concentration.20 In
SLMO, to be regarded as a reference compound, the exte
pressure is expected to be much less effective than in
pseudocubic system, since theA sites are not trapped in
tridimensional cage of MnO6 octahedra as in LCMO, bu
they are intercalated between disconnected MnO6 single
sheets.20

Infrared measurements were performed by using
Bomem DA3 interferometer equipped with KBr beam sp
ter and MCT detector, on polycrystalline samples of LCM
manganite prepared by a standard solid state reaction me
and characterized by x-ray diffraction,21 and of SLMO
manganite.16 Each sample was finely milled to obtain a pow
der with an average grain size of the order of 1mm. Ambi-
ent pressure measurements in the temperature range 29
K were made on LCMO by following a standar
procedure.22 At each temperature we measure the sig
transmitted by a pure KBr pelletI 0(v), and that transmitted
by the sample powder dispersed in a KBr pelletI (v). The
optical densityOd(v)5 ln@I0(v)/I(v)# is, to a first approxi-
mation, proportional to the optical conductivity of th
sample, and thus directly provides the spectral shape of
sample absorption.22 The Od(v) obtained at different tem
peratures are shown in Fig. 1, where the frequency rang
empirically divided into region I, phonon contribution, an
region II, broad-band contribution. On cooling the sam
down to 225 K~insulating phase! the broad-band decrease
and thus the minimum around 700 cm21 deepens, owing to
the increasing localization of excess charges. A dram
change in the 225–215 K range is then observed, assoc
with the IM transition at 220 K. When entering the metal
18441
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phase, the broad-band strongly increases and significa
screens the phonon peak owing to the onset of the ch
delocalization at the IM transition. On further cooling, th
delocalization process continues further: the broad band
creases up to an asymptotic level and the phonon pea
almost completely screened. These results mark the ev
tion pattern from the insulating to the metallic phase
LCMO.

Room temperature spectra as a function of pressure w
collected using a membrane diamond anvil cell~MDAC!
with steel gaskets having a typical 200mm diameter hole.
We measuredI 0(v) on a KBr pellet obtained by synthesiz
ing salt powder within the gasket hole, andI (v) after smear-
ing manganite grains on the top surface of the KBr pel
This procedure ensures hydrostatic pressure conditions
the sample, allowing a minimum working pressure of t
order of 1 GPa. Few ruby nanospheres were also place
the cell to measure the pressure through the standard
fluorescence technique.23 Further details on the experiment
procedure will be reported in a forthcoming paper. In spite
the small diameter hole in the gasket, reliableOd(v) spectra
are obtained with the employed experimental setup in
frequency range 550–1300 cm21 with a resolution of
8 cm21. TheOd(v) spectra of the LCMO and SLMO man
ganites measured at different pressures are shown in Fig
and 3, respectively. A comparison between temperature
pressure dependence of the LCMO spectral shapes is sh
in the inset of Fig. 2, where theOd(v) measured at ambien
pressure forTmax5296 K andTmin525 K, and those mea
sured at room temperature forPmin51.6 andPmax510 GPa
are reported. The ambient pressure measurements are m
plied by the same scaling factor~1.4!, which normalizes the
~296 K–0 GPa! spectrum onto the~296 K–1.6 GPa! one in
the spectral region II. The slight difference between the p
non peaks can be ascribed to the different pressure at w
the two measurements have been performed (P50 and
Pmin51.6 GPa). In any case the overall agreement betw
the spectra gives us confidence on the reliability of the h
pressure results, excluding the occurrence of significant s

FIG. 1. Ambient pressure optical densityOd(v) of
La0.75Ca0.25MnO3 ~LCMO! at T5296, 250, 225, 220, 215, 180
140, 115, 60, and 25 K. The broken line separates the spe
regions I and II~see text!.
0-2
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INFRARED STUDY OF CHARGE DELOCALIZATION . . . PHYSICAL REVIEW B63 184410
rious effects due to scattering phenomena or pellet inho
geneities in the high pressure measurements.

The phonon contribution, well evident in region I~see
Figs. 2 and 3!, is assigned to the in plane Mn-O stretchin
mode ofBu symmetry in LCMO~Ref. 24! and of Eu sym-
metry in SLMO.25,16 Figures 2 and 3 show a remarkab
pressure-induced hardening of the phonon peak, basic
due to the contraction of the interatomic distances un
pressure. Although a detailed analysis of this effect is
yond the aim of the present paper, we want to stress th
similar pressure-induced hardening has been found for
high frequency Raman active modes in a recent high p
sure work.10 Here we mainly focus on the pressure depe
dence of the broad-band which, as previously discussed,
be seen as a marker of the extent of charge delocalizatio

FIG. 2. Room temperature optical densityOd(v) of
La0.75Ca0.25MnO3 ~LCMO! at P51.6, 2.4, 3.4, 4.3, 5.6, 6.3, 7.3
8.2, 9.1, and 10 GPa. The broken line separates the spectral re
I and II. In the inset, the 296 and 25 KOd(v) at P50 GPa are
multiplied by the same scaling factor to be conveniently compa
with the pressure dependent ones~see text!.

FIG. 3. Room temperature optical densityOd(v) of
Sr1.5La0.5MnO4 ~SLMO! at P51.7, 3.8, 5.9, 8.0, and 9.6 GPa. Th
broken line separates the spectral regions I and II.
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Fig. 2 an increase of the absorption in region II is qu
evident on increasing pressure, in parallel to a remarka
screening of the phonon peak. These pressure-induced
fects on the optical density of LCMO resemble those o
served for decreasing temperature in the same system~Fig.
1!. The pressure as well as the temperature dependenc
the broad-band can then be ascribed to the increased e
of charge delocalization. In addition, the screening of
phonon line at high pressures can be explained by the p
ence of delocalized charges in the MnO6 octahedra planes
On the contrary, in SLMO~see Fig. 3!, the broad-band only
slightly increases and the overall absorption shape rem
basically unchanged over the whole pressure range imply
that an almost negligible delocalization effect occurs. W
stress that the weak pressure dependence shown by
SLMO optical density make us confident that the press
behavior observed in LCMO cannot be ascribed to any s
rious effect due to the DAC cell. The obtained results sh
the relevance of caging on delocalization processes: the
ternal pressure pushes the system towards charge deloc
tion in the pseudocubic LCMO, while it is almost ineffectiv
in the layered SLMO, at least up to 10 GPa.

III. DISCUSSION AND CONCLUSIONS

The pressure-induced charge delocalization in LCMO c
be qualitatively explained by considering the polaronic o
gin of the broadband. As noted above, the external pres
symmetrizes the octahedron structure thus increasing
Mn-O-Mn hopping rate and, consequently, the polaron de
calization. Bearing in mind that the polaronic band is direc
related to the distribution of the polaron binding energi
one can conclude that the presence of less tightly bound
larons results in an enhancement of the polaronic absorp
band on its low frequency side. These qualitative conclusi
could be predicted on the basis of previous data in the lo
pressure regime.7,9 However, interesting results come o
from a more detailed analysis of the high pressure data
particular, two main features in Fig. 2 should be consider
~i! the phonon line is still well evident at 10 GPa even
significantly screened and~ii ! the rate of increase of the po
laronic absorption decreases with increasing pressure.

As far as~i! is concerned, the inset of Fig. 2 clearly show
that the metallic state, characterized by a complete scree
of the phonon peak at 25 K, is not achieved at 10 GPa,
well above thePIM value above predicted. The pressure d
pendence of the polaronic absorption~ii ! can be character
ized by an effective number of carriersn* ,18 obtained by
integrating in region II theOd(v) spectrum at each pressur
Then* (P) values are reported in Fig. 4 for both LCMO an
SLMO. The n* (T) values obtained from the LCMO tem
perature dependentOd(v) are shown for comparison in Fig
4~b!. Then* (P) and then* (T) values are normalized to th
minimum pressure and to the ambient temperature val
respectively. The temperature-driven IM transition in LCM
is clearly marked by an abrupt increases ofn* (T) aroundTc
@Fig. 4~b!#, and below 100 K an asymptotic value is reache
As shown in Fig. 4~a!, the pressure-driven delocalizatio
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A. CONGEDUTI et al. PHYSICAL REVIEW B 63 184410
mechanism is remarkable for LCMO albeit much less e
cient in the high pressure regime (P*6 GPa), where the
n* (P) values are well described by the same linear tre
observed in SLMO over the whole pressure range.

In conclusion, our results, while confirming the relevan
of both pseudocubic structure and pressure in charge d
calization processes, show that the pressure-induced del
ization mechanism is strongly inhibited forP*6 GPa and
that the IM transition is not achieved when the pressure
increased up to 10 GPa in the LCMO manganite, in agr
ment with recent Raman results.10

A possible explanation of our result is provided by
strong decrease ofdTc /dP whenTc is increased by the ap
plied pressure. Indeed, as noted above, the moreTc is in-
creased, the more its pressure dependence is reduced
integrating Eq.~1! one has

Tc~P!

Tc~0!
5S d~P!

d~0! D
27/2S cosu~P!

cosu~0! D
2

e22[a(P)2a(0)]. ~2!

For our LCMO sample, high pressure x-ray diffractio
measurements14 provide d(P) and u(P), and the value

FIG. 4. Effective number of carriersn* in regions II as a func-
tion of pressure~a! for La0.75Ca0.25MnO3 and Sr1.5La0.5MnO4 and as
a function of temperature~b! for La0.75Ca0.25MnO3. In ~a!, the full
and dashed lines are linear best fits with the same slope to
SLMO and to the high pressure LCMO data.
p
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a(0)50.6 is reported in Ref. 26. Since our data show th
Tc(10 GPa)<300 K ~i.e., the room temperature metalliza
tion is not achieved!, Eq. ~2! provides thata(10 GPa)>0.5.
Therefore, in the 0–10 GPa pressure range, the average
sure dependence is u@a(10 GPa)2a(0)#/DPu
<0.01 GPa21. Taking into account that this value is an u
per limit for uda/dPu around 10 GPa, the comparison wi
the u(da/dP)LPu;0.035 GPa21 quoted above shows that th
pressure dependence of the carrier-phonon couplinga is
strongly reduced in the high pressure regime. In this cont
it is worth noticing thata}EJT/\v, whereEJT is the Jahn-
Teller energy andv is the characteristic phonon frequency13

Since EJT decreases with increasing pressure~see Ref. 12,
and references therein!, the above conclusion is well consis
tent with the pressure behavior of the JT phonon freque
vJT observed in recent Raman measurements. As a matt
fact the Raman results show that thevJT frequency increases
for increasing pressure up to about 7 GPa, and is alm
pressure independent in the high-pressure regime~up to 14
GPa!.10

We remark that the above discussion is based on the
that the octahedron is forced to be undistorted by increas
the applied pressure and an average Mn-O bondlength~d! is
thus considered. On the other hand, the results of high p
sure x-ray diffraction measurements on LCMO show
abrupt onset of a huge octahedron distortion for pressu
above 6–7 GPa.14 This result may suggest the onset of
competitive pressure-activated localization mechanis
which at high pressure balances the effects of the press
induced delocalization, thus explaining why the IM tran
tion is not achieved. As a final guess, we recall that a la
variety of results on different manganites indicate that
metallic phase can coexist with the insulating phase foT
,Tc and is completely established only forT!Tc .27 In this
phase separation scenario,28 one may argue that charge loca
ization in insulating domains prevents the occurrence o
pressure-induced metallic phase in the whole LCMO sam
thus explaining our high pressure results. Further experim
tal studies are in progress, to explain high pressure exp
mental findings.
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