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Reduction of the Jahn-Teller distortion at the insulator-to-metal transition
in mixed valence manganites
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The insulator-to-metal transition in the manganite La0.52Y 0.15Ca0.33MnO3 (TIM'115 K! has been studied by
high-resolution neutron powder diffraction. The cell volume contraction at the Curie point is accompanied by
a remarkable decrease of the Jahn-Teller distortion in MnO6 octahedra. The change of the Mn-O bond lengths
atTIM is anisotropic and brings about a drop out of the basal-plane collective distortion modeQ2, proposed to
be the deformation responsible for the band split ofeg↑ orbitals. This is consistent with the double-exchange
picture, and precludes simple ferromagnetic exchange.@S0163-1829~97!08648-1#
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The electronic structure and exchange interactions
transition-metal perovskites was a controversial topic m
years ago.1 To this group of materials belong the perovskit
based Ln12xAxMnO3 (A5Ca, Sr, Ba! compounds which
exhibit a large negative colossal magnetoresistance~CMR! at
temperatures close to the sharp peak in the resisti
(TIM).

2 There is a drastic change in the dynamics of Ze
electrons connected with the resistivity peak: the electr
conductivity changes up to 106%, the change being a max
mum for concentrations nearx' 1

3.
2 Several striking features

make this transition extraordinarily attractive: it h
been shown, for instance, that it separates two region
which the resistivity is, respectively, described
r~T!;exp~T0 /T)

1/4 ~T.TIM! andr~T,H!;exp$2@M (T,H)] %
~T,TIM! ~M , magnetization!.3,4 In addition, intriguing mag-
netoelastic effects have also been observed associated
the appearance of ordered moments.5,6 One of the most rel-
evant issues, then, to be investigated in these fascina
manganese perovskites is the physical origin of the la
change in electron mobility observed at the transition.
550163-1829/97/55~1!/34~4!/$10.00
in
y

ty
r
l

in

ith

ng
e

Two different distortions characterize the pervosk
structure of mixed manganites:~a! one is the cooperative til
of MnO6 octahedra, common in allABO3 perovskites, with
origin at the ‘‘free space’’ left out in the structure by sma
Ln atoms~the so calledO-type structure, witha<c/A2<b
for orthorhombicPbnmperovskites!. The size of Ln atoms
modifies the bending of the Mn-O-Mn bond angle (u), the
strength of the hopping integral betweeneg ~Mn!-ps~O!-eg
~Mn! orbitals and, therefore, the electronic bandwidth.4,7 ~b!
The second is related to the strong Jahn-Teller characte
trivalent manganese in the octahedral sites, due to
3d4:t2g

3 eg
1 electron configuration.1 The anomalous distortion

observed in LaMnO3, compared to LaCrO3 or LaFeO3 with
the oxygen octahedra severely deformed, is known to be
to a frozen-in Jahn-Teller~JT! distortion with long-range or-
der at the wave vector (p,p,p).8 In the ideal cubic case
LaMnO3 would be metallic with the Fermi energy lying i
the middle of theeg↑ bands. A JT distortion of theQ2 type
~antiferrodistorsive!, that displaces the basal plane oxyg
-
.

FIG. 1. Observed~1! and cal-
culated (2) neutron diffraction
patterns for La0.52Y0.15Ca0.33MnO3

at 70 K. The second row of mark
ers labels magnetic reflections
Inset: crystal structure of
La0.52Y0.15Ca0.33MnO3 and some
of the main collective distortion
modes of the octahedron.
34 © 1997 The American Physical Society
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atoms from their ideal positions~see Fig. 1!, has proposed to
be responsible for the insulating state.1,9 This distortion does
not change the lattice symmetry (Pbnm) but modifies the
cell deformation in such a way thatc/A2<a<b ~the
O8-type structure!. Thus, the resulting Mn-O bond lengths
1.918 and 2.145 Å~basal plane! and 1.973 Å~apical dis-
tance! at room temperature10 are at the origin of a small ga
between the JT split Mneg bands (dx22y2 andd3z22r2 like!
in pure LaMnO3. The JT split of theeg band is progressively
reduced as Ca concentration increases in the interme
La12xCaxMnO3 compounds.

11 As a consequence the disto
tions are reduced withx in La12xCaxMnO3 ~Ref. 11! due to
the fact that the driving force for the JT distortion is reduce
For these intermediate compounds, theeg↑ electrons hop
among different Mn positions propagating the correlation
fects associated with the intra-atomic ferromagnetic coup
~Hund! between localizedt2g↑ spins and partially delocalize
eg↑ electrons@double exchange~DE!#. This originates ferro-
magnetic clusters that can be viewed as ferromagnetic
larons. There are indications that the localized polaron p
ture holds also belowTIM ~Ref. 3! and that theeg↑ electrons
are weakly localized in large wave packets. As evidenced
Matsumoto,11 below TIM a dynamic JT effect and slowly
fluctuating local JT distortions also tend to localize the Ze
electrons as polarons. The actual knowledge of what de
mines the different carrier dynamics below and aboveTIM is
still very scarce. In this paper we present the results o
high-resolution neutron-powder-diffraction study o
La0.52Y 0.15Ca0.33MnO3, which provides direct experimenta
evidence of a notable reduction of the local JT distortion
TIM . We will show that the reconfiguration of the oxyge
positions around Mn ions impliesthe disappearance of th
basal-plane distortion mode Q2, proposed to be the deforma
tion responsible for theeg↑ band split in the pure compound
The present results give evidence of a true electronic reo
nization atTIM different from a single isotropic bond con
traction. In addition, the changes observed in the basal-p
symmetry of MnO6 octahedra, from rhombic to tetragona
clearly support the DE model against the simple ferrom
netic exchange.

Neutron diffraction data were obtained o
a well-characterized polycrystalline sample
La0.52Y 0.15Ca0.33MnO3 at the Reactor Orphe`e of the Labora-
toire Léon-Brillouin. High- and medium-resolution 3T2 an
G4.1 powder diffractometers were used (l51.227 and 2.426
Å, respectively! between 1 K and room temperature~RT!.
Details about sample preparation have been reported in
4, and previous characterization involved x-ray diffractio
magnetic and magnetoresistivity measurements.4,12 The
sample was single phase and its cationic stoichiometry
determined to be nominal (60.01) by analysis of the neutro
diffraction data. The oxygen content was found to be 3
within the calculated standard error~1%!. We performed
Rietveld refinements of the nuclear and magnetic structu
of neutron data using the programFULLPROF.13 When ortho-
rhombic (Pbnm) La0.52Y 0.15Ca0.33MnO3 is cooled, the re-
sistivity peak at'115 K signals the I-M transition, wherea
ordered moments are already visible belowTc'140 K, si-
multaneously to the onset of structural anomalies.

From high-resolution measurements at 300, 140, and 7
~the last two, respectively, above and below the I-M tran
te
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tion!, selected bond lengths, angles, and isotropic ther
parameters are gathered in Table I. Figure 1 shows, as
ample, the fitted neutron diffraction pattern at 70 K. In F
2~a! the cell volume shows a contraction coinciding with t
onset of ordered moments@see also Fig. 2~c!#. In this sample
the maximum in the resistivity (TIM) does not coincide ex-
actly with the onset of partial moment ordering (TC), a sig-
nature of persisting large magnetic clusters beyondTIM .

4

The lattice contraction observed (DV/V'0.15%! is a conse-
quence of the lattice parameter variation shown in Fig. 2~b!.
The main change corresponding to theb axis
Db/b'0.11%.

Concentrating first on the high-temperature phase~see
Table I!, we observe a ‘‘permanent’’ or ‘‘static’’ distortion
aboveTC that results in octahedra with two different Mn
O~2! distances in the basal@1.959~2!, 1.972~2! Å# and an
apical distance Mn-O~1!51.958~2! Å ~at 300 K!. One can
thus assume that, as in LnMnO3 oxides, the static JT com
ponent in the paramagnetic phase is described by the co
nation of the following collective modes: the breathing mo
Q1, the octahedral stretching modeQ3, andQ2, the mode
displacing the O~2! oxygens in the two basal-plane diag
nals, respectively, closer and farther to the center of
MnO4 square~see inset of Fig. 1!.

The first key observation, then, is that the static distort
found can be considered ‘‘reminiscent’’ of that existing
the undoped compound since it is of the same type,9,10 but
the magnitudes of the oxygen displacements have been

TABLE I. Selected structural and thermal parameters, int
atomic distances~Å! and angles~deg! for La0.52Y 0.15Ca0.33MnO3

from neutron diffraction data (TIM'115 K!.

N 70 K 140 K 300 K

a ~Å! 5.4404~5! 5.4416~5! 5.4500~4!

b ~Å! 5.4603~5! 5.4661~5! 5.4685~5!

c ~Å! 7.6863~6! 7.6884~6! 7.6965~6!

V ~Å3) 228.33 228.68 229.38
dMn-O(1) 2 1.956~1! 1.954~1! 1.958~2!

dMn-O(2) 2 1.963~2! 1.964~2! 1.959~2!

dMn-O(2) 2 1.963~2! 1.967~2! 1.972~2!

dequat 1.963~2! 1.965~2! 1.965~2!

^dMn -O& 1.960~2! 1.961~2! 1.963~2!

u1 2 1.58.6~3! 159.2~3! 158.5~3!

u2 4 158.2~7! 157.7~8! 158.3~7!

^u& 158.3~6! 158.2~6! 158.4~6!

Sdequatdapical
21D3104

36 58 38

Dd10
4 0.028 0.081 0.105

MnO6 octahedra
O~1!-Mn-O~2! 2 89.5~3! 88.7~3! 88.7~3!

O~1!-Mn-O~2! 2 90.2~3! 91.3~3! 91.2~3!

O~2!-Mn-O~2! 2 90.9~3! 90.9~3! 90.9~3!

Thermal parameters
BLn ~Å 2) 0.42~5! 0.58~5! 0.74~5!

BMn ~Å 2) 0.19~5! 0.20~5! 0.25~6!

BO(1) ~Å 2) 0.62~6! 0.86~6! 0.92~7!

BO(2) ~Å 2) 0.74~5! 0.84~5! 1.06~5!
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verely reduced in thex5 1
3 compound. This is, therefore,

strong indication of a ‘‘reminiscent’’ JT static deformatio
In this respect, it is noteworthy that according to our data t
manganite is ofO8 type in all the temperature range
thus reinforcing an active JT distortion. Compared
La2/3Ca1/3MnO3, the enhanced Mn-O-Mn bending i
La0.52Y 0.15Ca0.33MnO3 leads to a narrowers* (eg↑)
bandwidth,4 the kinetic energy of the Zener electrons is th
reduced and the JT mechanism favored.14

A similar unusual cell contraction was observed at
thermally driven insulator-to-metal transition in isostructu
LnNiO3 perovskites.

15 However, in spite of their similarities
we will show in the following that there are significant di
ferences in the manganite that point towards a rearrangem
of the electronic ground state supported by modifications
the Jahn-Teller distortion. In the transition to the meta
state in LnNiO3,

15 there is a discontinuous isotropic contra
tion of the Ni-O bonds@DdNi-O'20.004(1) Å# that causes a
contraction of the octahedron and coupled tilts of the Ni6
units (DuNi-O-Ni'0.5°). In sharp contrast, the structural a
commodation in La0.52Y 0.15Ca0.33MnO3 has the following
microscopic relevant features:~i! The basal-plane distortion
progressively vanishes and the displacement of the O~2! at-
oms results in identical Mn-O~2! equatorial distances
@dMn-O(2)'1.963(2) Å#. ~ii ! The largest bond-length con
traction atTIM corresponds to the long Mn-O~2! bond for

FIG. 2. ~a! Temperature dependence of the unit-cell volume
La0.52Y 0.15Ca0.33MnO3 showing the contraction atTc . For com-
parison the electric resistivity vsT is also shown.~b! Thermal evo-
lution of lattice constants.~c! Thermal evolution of the ordered
ferromagnetic moment at the Mn.
is

e
l

nt
n

which DdMn-O(2)'20.004(2) Å.~iii ! At the same time the
apical Mn-O~1! bond is slightly expanded
@DdMn-O(1)'0.002(1) Å# with respect to its high-
temperature value.

As a result, the above modifications bring about a m
ideal MnO6 octahedron in the ferromagnetic phase. This
further confirmed by the changes in the O-Mn-O angles
fining the octahedron, measured above and belowTIM ~see
Table I!. Essentially, the O~2!-Mn-O~2! angle has the sam
values between 70 and 300 K, but a very different behav
exhibited by the two angles subtended by apical O~1! oxy-
gens and equatorial O~2! atoms. As a result, respectively
they bend and straighten out by about 1° towards the id
value of 90° when entering the metallic regime. Moreov
by considering the mean distortion in the MnO6 octahedra
Dd „Dd5(1/N)( i51

N @(di2^d&)/^d&#2)…, Table I shows that
its value is decreased by a factor 3 belowTIM .

So far, we have demonstrated a reduction in the JT
tortion at the transition. Physically, it means that carrier d
localization results in a weaker electron-phonon coupli
and this weakens the driving force for JT distortion. Now w
concentrate on key aspects of the magnetic coupling in th
systems. Goodenough1 and Kanamori,8 first and, recently,
Refs. 9–11 have discussed the superexchange mechanis
LaMnO3 based on the ground-state hole wave funct
dx22y2. In undoped manganites the ferromagnetic planes
rive from occupied Mnd3z22r2 orbitals alternatively pointing
along @110# and @ 1̄10# directions, coinciding with the long
Mn-O~2! bond ~see Fig. 3!. Hence, the ferromagnetic cou
pling is determined by the exchange interaction between
emptydx22y2-ps orbitals and the occupiedd3z22r2-ps band.
From the present results, the onset of long-range ferrom
netism in La0.52Y 0.15Ca0.33MnO3 is accompanied by a trans

r

FIG. 3. Schematic drawing of the structural anomalies inab
basal planes accompanying the I-M transition.
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formation of thea-b rhombuses~basal plane of the octahe
dra! into squares, the ‘‘effective’’ or approximate loca
symmetry is changing from orthorhombic to tetragonal. T
change has been illustrated in Fig. 3. In the presence of
tropic Mn-O lengths, the preferential orientation of the p
tially occupied d3z22r2 bonds should be lost, and cons
quently the superexchange mechanism would not g
ferromagnetic planes. The experimental observation of fe
magnetic coupling is, therefore, a strong indication aga
superexchange in these oxides, in consistence with the
picture. Further investigations are necessary to assess th
evance of dynamic effects, evidenced by observation of m
tional narrowing11 in La2/3Ca1/3MnO3, upon the static de-
scription given in Table I.

Finally, apart from the fact that an isotropic basal Mn
length belowTIM precludes the usual exchange coupling
central result is our finding that the main structural mod
cation accompanying the insulator-to-metal transition is
sudden drop of theQ2-like cooperative deformation~Fig. 3!
in the MnO6 octahedra. It is noteworthy that this result su
ports recent density-functional calculations within the lo
spin-density approximation,16 whose conclusion is that th
basal-plane distortion modeQ2 is, among the present sym
metry breaking JT modes, responsible for the gap openi

In conclusion, we have observed anisotropic modifi
tions of the Mn-O bond lengths atTIM which result ina
reduction of the Jahn-Teller distortionwhen the system be
comes ferromagnetic and metallic. These findings, very
cı
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o-
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o-
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E
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a
-
a

-
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ferent from a mere Mn-O bond contraction associated w
the metallic nature of the bond, give evidence of an el
tronic reorganization, and confirm the key role of the Jah
Teller deformation in the lattice anomalies atTIM. Neutron
data reveal a persistent, although reduced, JT distor
aboveTIM , reminiscent of that in the undoped manganit
in which the presence of MnO6 units with rhombically de-
formed MnO6 basal planes may indicate a residual altern
ing ordering in the orientation of the Mnd3z22r2 orbitals
and, hence, ferromagnetic DE could coexist with antifer
magnetic ~or ferromagnetic in the basal plane! superex-
change interactions up to considerable doping levels. Sig
cantly, the residual Q2-type basal-plane distortion vanishe
at the transition, giving more perfect octahedra with MnO4
equatorial square planes. This observation rules out any
sible ferromagnetic contribution due to simple supere
change and gives experimental support to the dou
exchange picture.
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16H. Röderet al., Phys. Rev. Lett.76, 1356~1996!.


