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Infrared study of charge delocalization induced by pressure in the Lg;Ca;,gMN0O ; manganite
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We measured the pressure dependence of the room-temperature infrared absorption spectrum of the
pseudocubic Lg;{Ca »gMINnO3; 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 Syl ag sMNO, manganite as a function of pressure. The comparison between different sets of spectra
clearly shows that the increase of the broad-band absorption observed ingth€d,3/MnO; 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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I. INTRODUCTION ing this idea the effect of the external pressure has been
studied mainly by means of resistivity measurements in the
It is well known that the transport properties of manga-0—2 GPa pressure range. A small increase of the Curie tem-
nese perovskite&,; _,A,MnOs (A is the rare earth and’ is ~ perature measured at ambient presSy@) was indeed ob-
a divalent catiojt are determined by two competing effeéts. Served by applying a pressurein a small range on several
While the magnetic double exchange increases the electrdiseudocubic manganités.As a matter of fact an equiva-
kinetic energy and hence charge delocalization, the stron?”ce between internal and external pressure has been estab-
Jahn-Teller(3T) coupling, which is at the origin of the JT hshed in the 0-1.5 GPa pressure rafigithough recent Ra-
polarons, tends to localize the excess charge in the locdan experiments on |9§5C_80-25an3 indicate that this
distortion of the oxygen octahedron around the Mron3 eqU|va!enc§ does not hold in the high pressure reéﬂne.
The transition from the paramagnetic insulating phase to th%reﬁgzlsswilt% m?ﬁzli;?/vmsrgtssszféfp)s?g;‘;&;‘?gﬂqeggg';r']
ferromagnetic metallic phase may then be explained in term

. . . that the absolute value ofd{./dP)  depends on
of magnetic double exchange promoted by polaronic carrleri(o)_g,ll,lz In particular, manganites with highi.(0) are

along the pgth |\./|ﬁ3jo _Z'MnM' In the above scenario, the |55 sensitive to pressure than those with Tg0). In con-
charge localization is dlre(_:tly related to the distortion qf thesidering the pressure dependencelpf we recall that

MnQg octahedron. Diffraction measurements as a function of

the temperatufeon L& ;<Ca, ,dMnO; have indeed shown dinT, 7 da

that the large JT distortions of the octahedron in the insulat- ap —  pKk(d)—26tano)k(s) - 255 (1)

ing state reduces to vanishingly small values below the insu-

lator to metal (IM) transition temperature, when excessThe first two terms represent the pure steric contribution,
charges are delocalized. determined by the average Mn-O bond-lengdhcompress-

In studying the IM transition, also the role of thesite  ibility k(d) and by the O-Mn-O angled) compressibility
average ionic radiuR,= (1—X)ra+Xxras (wherer , andr »,/ k(0). The last term in Eq(1) is due to the pressure depen-
are the ionic radii of theA andA’ atoms, respectivelynas  dence of the phonon-carrier coupling parameter For the
been considered. In thE vs R, phase diagram, at constant Lag7£Ca ,gMInO; manganite T,(0)=220 K] in the LP re-
dopingx, the increase oR, produces both a reduction of the gime, the steric contribute is 0.02 GPa® (from x-ray dif-
octahedron distortion and an increase of the Curie temperdraction datd®) and @ In T,/dP), ,~0.09 GPa? (on the ba-
ture T,.>® The common idea is that the IM transition can sis of the data available in literatdre"!9 Eq. (1) thus yields
occur if a sufficient reduction of the “free volume” around (—2da/dP) ,~0.07 GPal. As previously found, the
the A site is obtained. The octahedron is thus forced to bela/dP term has a dominant role in determinid@./dP in
undistorted and the Mn-O-Mn bonding angle tends tolow T. manganites. Under the crude approximation of keep-
180°/® These structural modifications have the net result ofing constantdT./dP over a wide pressure range, a room
increasing the Mn-O-Mn hopping rate, and therefore theemperature metallization pressuRg, can be predicted
charge delocalization. This effect can in principle bearound 4-5 GPa for Lg:Ca ,gMInO5. A similar value for
achieved either by increasing the average dimension of the,,, can be estimated by assuming the above mentioned
atom at theA site (internal pressupeor by contracting the equivalence between internal and external presSuiée
cage of the Mn@ octahedraexternal pressur®). Follow-  want to stress thatT,/d P=const is a drastic assumption, in
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that different experimental data suggest a slight decrease of
dT./dP even at low pressurés:*?

Infrared (IR) spectroscopy is a powerful tool to study
charge delocalization processes, as proved in particular by
temperature dependent measurements on different layered
perovskite¥® and on pseudocubic La,CaMnO,
manganites’ ~*° The absorption spectra of these compounds
in the insulating phase show that the high frequency IR-
active phonons are superimposed on a broad background.
This latter feature is very sensitive to the extent of charge
localization, being mainly related to the photoionization of
the polarons originated by the excess charges self trapped in

Optical density

a local lattice distortiort®!’ The aim of the present work is o, - . :
to study, by means of IR absorption spectroscopy, the effect 600 800 l1000 1200
of the applied pressure on the charge delocalization in the o (cm™)

L8g.7C3 2MnO; (LCMO) manganite. FIG. 1. Ambient pressure optical densitfDy4(w) of

Lag 7:Ca ,gMNO; (LCMO) at T=296, 250, 225, 220, 215, 180,
1. MEASUREMENTS AND RESULTS 140, 115, 60, and 25 K. The broken line separates the spectral

. ) regions | and ll(see texk
We measured the absorption of LCMO in the

550-1300 cm?® IR range both at ambient pressure in thephase, the broad-band strongly increases and significantly
temperature range 25-296 K, and at room temperature assgreens the phonon peak owing to the onset of the charge
function of pressuréup to 10 GPa The former measure- delocalization at the IM transition. On further cooling, the
ments allow us to characterize the charge delocalization efdelocalization process continues further: the broad band in-
fect on the absorption spectrum at the IM transition. Finally,creases up to an asymptotic level and the phonon peak is
we performed room temperature measurements as a functi@most completely screened. These results mark the evolu-
of pressure(up to 10 GPaon the layered SrlagsMnO,  tion pattern from the insulating to the metallic phase of
(SLMO) manganite, which, at ambient pressure, is an insuLCMO.
lator at any temperature and doping concentratfoin Room temperature spectra as a function of pressure were
SLMO, to be regarded as a reference compound, the externebllected using a membrane diamond anvil d@liDAC)
pressure is expected to be much less effective than in theith steel gaskets having a typical 2@0n diameter hole.
pseudocubic system, since thesites are not trapped in a We measured(w) on a KBr pellet obtained by synthesiz-
tridimensional cage of Mn@octahedra as in LCMO, but ing salt powder within the gasket hole, an@) after smear-
they are intercalated between disconnected Wrgihgle ing manganite grains on the top surface of the KBr pellet.
sheetg? This procedure ensures hydrostatic pressure conditions for
Infrared measurements were performed by using ahe sample, allowing a minimum working pressure of the
Bomem DA3 interferometer equipped with KBr beam split- order of 1 GPa. Few ruby nanospheres were also placed in
ter and MCT detector, on polycrystalline samples of LCMOthe cell to measure the pressure through the standard ruby
manganite prepared by a standard solid state reaction methéidorescence technigqi@ Further details on the experimental
and characterized by x-ray diffractiéh,and of SLMO  procedure will be reported in a forthcoming paper. In spite of
manganite® Each sample was finely milled to obtain a pow- the small diameter hole in the gasket, reliablg ) spectra
der with an average grain size of the order ofufin. Ambi-  are obtained with the employed experimental setup in the
ent pressure measurements in the temperature range 296—28quency range 550-1300 crh with a resolution of
K were made on LCMO by following a standard 8 cm !. TheOg4(w) spectra of the LCMO and SLMO man-
proceduré? At each temperature we measure the signalganites measured at different pressures are shown in Figs. 2
transmitted by a pure KBr pelléy(w), and that transmitted and 3, respectively. A comparison between temperature and
by the sample powder dispersed in a KBr pelleb). The  pressure dependence of the LCMO spectral shapes is shown
optical densityOy(w) =In[lo(w)/I(w)] is, to a first approxi- in the inset of Fig. 2, where th®4(w) measured at ambient
mation, proportional to the optical conductivity of the pressure fofT,,,=296 K andT,,,=25 K, and those mea-
sample, and thus directly provides the spectral shape of theured at room temperature fér,;,=1.6 andP,,,,=10 GPa
sample absorptioff: The O4(w) obtained at different tem- are reported. The ambient pressure measurements are multi-
peratures are shown in Fig. 1, where the frequency range jslied by the same scaling factét.4), which normalizes the
empirically divided into region |, phonon contribution, and (296 K—0 GPa spectrum onto th€296 K—1.6 GPaone in
region Il, broad-band contribution. On cooling the samplethe spectral region Il. The slight difference between the pho-
down to 225 K(insulating phasethe broad-band decreases non peaks can be ascribed to the different pressure at which
and thus the minimum around 700 cideepens, owing to the two measurements have been perform@d=0Q and
the increasing localization of excess charges. A dramati®, ;,,=1.6 GPa). In any case the overall agreement between
change in the 225-215 K range is then observed, associatéite spectra gives us confidence on the reliability of the high
with the IM transition at 220 K. When entering the metallic pressure results, excluding the occurrence of significant spu-
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Fig. 2 an increase of the absorption in region Il is quite
evident on increasing pressure, in parallel to a remarkable
screening of the phonon peak. These pressure-induced ef-
fects on the optical density of LCMO resemble those ob-
served for decreasing temperature in the same sy&tem

1). The pressure as well as the temperature dependence of
the broad-band can then be ascribed to the increased extent
of charge delocalization. In addition, the screening of the
phonon line at high pressures can be explained by the pres-

Optical density

3

14 O4(e) ence of delocalized charges in the Mn@ctahedra planes.
2 /g On the contrary, in SLMJsee Fig. 3, the broad-band only
L 15C 25 MO, Toogrp Smmmmme== slightly increases and the overall absorption shape remains
0 600 800 ® basically unchanged over the whole pressure range implying
600 800 1000 1200 that an almost negligible delocalization effect occurs. We
o (cm™) stress that the weak pressure dependence shown by the

SLMO optical density make us confident that the pressure
FIG. 2. Room temperature optical densitPy(w) of  behavior observed in LCMO cannot be ascribed to any spu-
Lag 76Ca 2gMIn0O; (LCMO) at P=1.6, 2.4, 3.4, 4.3, 5.6, 6.3, 7.3, rious effect due to the DAC cell. The obtained results show
8.2,9.1, and 10 GPa. The broken line separates the spectral regiofife relevance of caging on delocalization processes: the ex-
I'and II. In the inset, the 296 and 25 Qq(w) at P=0 GPa are  ternal pressure pushes the system towards charge delocaliza-
multiplied by the same scaling factor to be conveniently compareqion in the pseudocubic LCMO, while it is almost ineffective
with the pressure dependent oriese text in the layered SLMO, at least up to 10 GPa.

rious effects due to scattering phenomena or pellet inhomo-
geneities in the high pressure measurements.
The phonon contribution, well evident in region(dee

Figs. 2 and § is assigned to the in plane Mn-O stretching  The pressure-induced charge delocalization in LCMO can
mode ofB, symmetry in LCMO(Ref. 24 and ofE, sym-  pe qualitatively explained by considering the polaronic ori-
metry in SLMO?>'® Figures 2 and 3 show a remarkable gin of the broadband. As noted above, the external pressure
pressure-induced hardening of the phonon peak, basicalfymmetrizes the octahedron structure thus increasing the
due to the contraction of the interatomic distances UndeMn_o_Mn hopp|ng rate and, Consequenﬂy, the p0|ar0n delo-
pressure. Although a detailed analysis of this effect is becalization. Bearing in mind that the polaronic band is directly
yond the aim of the present paper, we want to stress that gated to the distribution of the polaron binding energies,
similar pressure-induced hardening has been found for thgne can conclude that the presence of less tightly bound po-
high frequency Raman active modes in a recent high presarons results in an enhancement of the polaronic absorption
sure work.® Here we mainly focus on the pressure depen-and on its low frequency side. These qualitative conclusions
dence of the broad-band which, as previously discussed, caibuld be predicted on the basis of previous data in the low-
be seen as a marker of the extent of Chal’ge delocalization. |I5kessure reg|még However’ interesting results come out
from a more detailed analysis of the high pressure data. In
I particular, two main features in Fig. 2 should be considered:
(i) the phonon line is still well evident at 10 GPa even if
significantly screened an@) 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 shows
that the metallic state, characterized by a complete screening
of the phonon peak at 25 K, is not achieved at 10 GPa, i.e.,
well above theP,,, value above predicted. The pressure de-
pendence of the polaronic absorptiGn can be character-

----- ized by an effective number of carriers’,*® obtained by
integrating in region 1l th®4(w) spectrum at each pressure.
Then* (P) values are reported in Fig. 4 for both LCMO and
SLMO. Then*(T) values obtained from the LCMO tem-
perature dependefiy(w) are shown for comparison in Fig.
4(b). Then*(P) and then* (T) values are normalized to the
minimum pressure and to the ambient temperature values,
respectively. The temperature-driven IM transition in LCMO

FIG. 3. Room temperature optical densitPy(w) of Is clearly marked by an abrupt increasesd{T) aroundT,

Sr; d.a9sMnO, (SLMO) atP=1.7, 3.8, 5.9, 8.0, and 9.6 GPa. The [Fig. 4b)], and below 100 K an asymptotic value is reached.
broken line separates the spectral regions | and II. As shown in Fig. 4a), the pressure-driven delocalization

IIl. DISCUSSION AND CONCLUSIONS

Optical density

— T — 1 T T T T T
600 800 ) 1000 1200
o (cm™)
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1 @ A__A__/_\f «a(0)=0.6 is reported in Ref. 26. Since our data show that
1 T=296 K __A__A.--A" T.(10 GPa)}x300 K (i.e., the room temperature metalliza-
a4 . A La, 55Ca;, ,sMnO, tion is not achieved Eq. (2) provides thatx(10 GPa}=0.5.

& 1 A
&
*® A
= 1 Sr, sLa, ;MnO,
1.0 ) )

2

10
P (GPa)

(b)
1P=0GPa

N /lA/A A A

T, A
La, ;5Ca) ,sMnO;,

Therefore, in the 0—10 GPa pressure range, the average pres-
sure dependence is |[a(10 GPa)-a(0)]/AP|
<0.01 GPal. Taking into account that this value is an up-
per limit for |[da/dP| around 10 GPa, the comparison with
the|(da/dP) p|~0.035 GPa! quoted above shows that the
pressure dependence of the carrier-phonon couphings
strongly reduced in the high pressure regime. In this context,
it is worth noticing thatw>E ;1/% w, whereE;r is the Jahn-
Teller energy an@ is the characteristic phonon frequericy.
Since E ;7 decreases with increasing press@see Ref. 12,

; £ and references thergirthe above conclusion is well consis-
1,24 55’ tent with the pressure behavior of the JT phonon frequency
ho i ;7 Observed in recent Raman measurements. As a matter of
é’. — fact the Raman results show that ther frequency increases
300 250 200 150 100 50 for increasing pressure up to about 7 GPa, and is almost
T (K) pressl%re independent in the high-pressure redimpeto 14
GPa.
_ We remark that the above discussion is based on the idea
tion of pressurea) for Lag 1:Ca MO, and Sy slapMnO, and as o4 the gctahedron is forced to be undistorted by increasing
2nd Gashed ines are inear boay s wth the samé slope.to (1S 3PPlied pressure and an average Mn-O bondiciuyts
. P fhus considered. On the other hand, the results of high pres-
SLMO and to the high pressure LCMO data. . -
sure x-ray diffraction measurements on LCMO show an
abrupt onset of a huge octahedron distortion for pressures
above 6-7 GP&! This result may suggest the onset of a
n*(P) values are well described by the same linear trenocompetitivg pressure-activated - localization - mechanism,
which at high pressure balances the effects of the pressure-

observed in SLMO over the whole pressure range. . R L :
In conclusion, our results, while confirming the relevance'r1duced delocalization, thus explaining why the IM transi-

of both pseudocubic structure and pressure in charge del jon is not achieved. As a final guess, we recall that a large

calization processes, show that the pressure-induced delocé{f’-i”ety of results on d|ﬁ§rent_mangqn|tes mdmate that the
ization mechanism is strongly inhibited fét=6 GPa and metallic p_hase can coexist W'th the insulating Zp;haseﬁor
that the IM transition is not achieved when the pressure is< Te and is completely established only foreT,.™ In this
increased up to 10 GPa in the LCMO manganite, in agreepha.se separation scena%?a?ne may argue that charge local-
ment with recent Raman resuts ization in insulating domains prevents the occurrence of a
A possible explanation of our result is provided by apressure-mduced mgtalllc phase in the whole LCMO Saf”p'e'
strong decrease afT,/dP whenT, is increased by the ap- thus explaining our high pressure results. Further experimen-

plied pressure. Indeed, as noted above, the rgrés in- tal studies are in progress, to explain high pressure experi-

creased, the more its pressure dependence is reduced. gvntal findings.
integrating Eq(1) one has

T(P) [d(P)\ "2 cosé(P) _ N _
T(0) =( d(O)) 0s6(0) We would like to acknowledge C. Meneghini for making
¢ available the structural data under pressure prior to publica-
For our LCMO sample, high pressure x-ray diffraction tion. We are also indebted to C. Piacenti and A. Salvati for
measurement$ provide d(P) and 6(P), and the value their skillful technical assistance.

FIG. 4. Effective number of carriers* in regions Il as a func-

mechanism is remarkable for LCMO albeit much less effi-
cient in the high pressure regim&%£6 GPa), where the
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