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Magnetic ordering effects in the Raman spectra of La12xMn12xO3

E. Granado, A. Garcı´a, J. A. Sanjurjo, C. Rettori, and I. Torriani
Instituto de Fı´sica ‘‘Gleb Wataghin,’’ UNICAMP, 13083-970, Campinas-SP, Brazil

F. Prado, R. D. Sa´nchez, and A. Caneiro
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Temperature-dependent Raman spectra of polycrystalline La12xMn12xO3 samples, referred to as
LaMnO31d for convenience, were correlated to their structural and magnetic properties for differentd. For
d<0.05, asofteningof the ;610 cm21 Raman mode is observed below the magnetic ordering temperature.
This softening is reduced asd increases from 0.00 to 0.05. This behavior is not associated with lattice
anomalies, and is interpreted in terms of a spin-phonon coupling caused by a phonon modulation of the
superexchange integral. A quantitative analysis of this effect is presented.@S0163-1829~99!10737-9#
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In recent years, much effort has been devoted to un
standing the physics involved in the transport and magn
phenomena of perovskite manganites. It was claimed
the early double-exchange~DE! theory1 cannot explain
quantitatively the large conductivity drop near th
ferromagnetic-paramagnetic~FM-PM! transitions for doped
compounds.2 The presence of lattice polarons, possibly e
hanced by the strong Jahn-Teller character of the Mn31 ion,
has been invoked to explain the large change in elec
kinetic energy atT;TC ,2 as well as other anomalous phys
cal properties of these materials.3–5 Such polarons are ex
pected to be present whenth.va

21 , whereth is the electron
transfer time andva is the frequency of an optical-mod
lattice vibration associated with a dynamic Jahn-Te
distortion,6 i.e., a stretching mode. Therefore, lattice vibr
tions possibly play an important role in the conducti
mechanism of this class of materials. Although the par
compound LaMnO3 is an antiferromagnetic~AFM! insulator,
the study of the lattice and magnetic properties of this ma
rial may be taken as a starting point to a consistent un
standing of the more complex physical properties of
doped compounds.

Perovskites with an orthorhombicPnma space group
present 24 Raman active modes (7Ag15B1g17B2g
15B3g). Lattice dynamical calculations and assignment
the Raman modes of LaMnO3 were done previously by Iliev
et al.7 In a recent work, we reported asofteningof the
604 cm21 stretching mode belowTN for the orthorhombic
LaMnO3.0,8 also observed by others.9 This effect was asso
ciated with spin-phonon interactions,9 and exchange striction
effects.8 Nevertheless, a detailed study that explains thesoft-
ening of the 604 cm21 stretching mode in LaMnO3 is still
missing. In this work, we present Raman and x-ray studie
the LaMnO31d controlled oxygen content series (d<0.07).
We conclude that the observed anomalous shifts for
;610 cm21 mode in the samples withd<0.05 are due to a
phonon modulation of thexz-plane superexchange integr
and not to the lattice anomalies observed below the magn
PRB 600163-1829/99/60~17!/11879~4!/$15.00
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transitions. From a first-neighbors contribution, we obta
the value of the second derivative of thexz-plane superex-
change integral with respect to the stretching oxygen d
placements in the Mn-O(xz) direction.

In this paper, for simplicity, the nomenclature LaMnO31d
is used. However, we should mention that the O22 ions can-
not be accomodated interstitially in the lattice. Thus, from
crystallographic point of view, the correct formula for th
series is La12xMn12xO3 with x;d/3.10 General properties
of cation-deficient samples with the La12xMn12yO3 formula
have been systematically studied in the literature.10–14

The LaMnO31d samples studied in this work were grow
by different methods. Samples withd50.00, 0.03, 0.05, and
0.07 were prepared following the nitrate decompositi
method using Mn and La2O3 as starting materials.15 The
sample referred to as LaMnO3: Ar annealed was prepared b
standard ceramic methods, heating stoichiometric mixtu
of the corresponding oxides.16 The structure and phase purit
of the samples were checked by x-ray powder diffractio
Well resolved x-ray patterns were obtained with CuKa ra-
diation of a Rigaku conventional source and a hig
resolution diffractometer with low-temperature attachme
Lattice parameters were obtained using a Rietveld refinem
program.17 Magnetization~dc/ac! measurements have bee
taken in a Quantum Design PPMS magnetometer. Detail
the Raman experimental setup are given elsewhere.8 Except
for the x-ray experiments, all the measurements as a func
of T were done with increasing temperature.

A summary of the structural and magnetic properties
the studied samples is given in Table I. The Ar annea
sample and those withd50.00 and 0.03 are mainly AFM
with a FM component that increases withd. For simplicity,
we will refer to all these samples as AFM. The sample w
d50.07 is FM. Finally, the sample withd50.05 presents a
complex magnetic behavior that can be ascribed to frustra
FM or mixed FM/AFM phases.15 All the samples studied in
this work present orthorhombicPnma crystal structure be-
tween 15 and 300 K.
11 879 ©1999 The American Physical Society
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TABLE I. Magnetic and structural data for the samples studied in this work.

Magnetic properties Structural properties
Sample Magnetic Critical T5300 K

ordering temperature a ~Å! b ~Å! c ~Å! V/f.u. (Å3)

LaMnO3
a AFM TN5141 K 5.724~1! 7.696~1! 5.534~1! 60.95~3!

LaMnO3.00 AFM TN5138 K 5.702~1! 7.702~1! 5.538~1! 60.80~3!

LaMnO3.03 AFM TN5124 K 5.645~1! 7.721~1! 5.540~1! 60.37~3!

LaMnO3.05 Complex TC5115 K 5.595~1! 7.746~1! 5.538~1! 60.00~3!

LaMnO3.07 FM TC5162 K 5.533~1! 7.789~1! 5.538~1! 59.67~3!

aAr annealed.
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The Raman spectra atT510 K of the Ar annealed and
d50.00 samples are similar to that reported by us
LaMnO3.0.8 As d increases we observe~i! a broadening of
all the Raman modes and~ii ! a systematic shift of the 292
and 604 cm21 modes in the Ar annealed sample to 270 a
616 cm21, respectively, in thed50.07 sample. These ef
fects are somewhat similar to those observed in
La12xSrxMnO3 system for increasingx.9

The T dependence of the frequency of the;610 cm21

Raman mode is shown in Fig. 1 for all studied samples. T
mode was associated to an in-phase stretching vibratio
O22(xz) ions against Mn31 ions.7 For d<0.05, an anoma-
lous softeningof this mode is observed near and below t
magnetic ordering temperature. Thissofteningis reduced as
d increases. For the FMd50.07 sample, no change in th
behavior of the;610 cm21 mode is observed belowTC ,
within our experimental resolution.

Figure 2 shows theT dependence of thePnma lattice
parametersa, b/A2, andc and the unit cell volumeV for the
d50.00 and 0.07 samples. Although theT variation of lattice
parameters of samples with similar values ofd has been
previously reported,11 our samples present different behavi
of thea andc (Pnma) parameters as compared to theb and
a (Pbnm) published parameters.11 Despite these differ-
ences, some common features in theT dependence of the
lattice parameters for the samples studied in both works
be found. Small anomalies are observed in the lattice par
eters for the AFMd50.00 sample belowTN , which may be
associated with exchange strictive effects nearTN . For the

FIG. 1. Temperature dependence of the frequency for
;610 cm21 stretching mode, for the Ar annealed andd50.00,
0.03, 0.05, and 0.07 samples. Dashed and continuous lines
guides to the eyes.
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FM d50.07 sample, large lattice parameter anomalies
found around TC that may be due to charge orderin
effects.11 Despite the lattice parameter changes found for
samples, within our experimental resolution, no anomaly
been observed on the unit cell volume near the magn
ordering.

In magnetic materials, the frequency change of a pho
a with T can be written as

va~T!2va~T0![Dva~T!5~Dva! latt1~Dva!anh

1~Dva!ren1~Dva!s-ph . ~1!

The first term on the right-hand side is the contribution to
phonon frequency of the change of the ionic binding energ
due to the lattice expansion/contraction. It is usually appro
mated by the Gru¨neisen law:

e

are
FIG. 2. Temperature dependence of the lattice parametera,

b/A2, andc and of thePnmaunit cell volumeV for the LaMnO3.00

~continuous lines! and LaMnO3.07 ~dashed lines! samples.
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S Dva

va
D

latt

52gaS DV

V D , ~2!

wherega is the Grüneisen parameter for the normal modea.
Equation~2! is applicable for cubic crystals or for isotrop
cally expanded lattices. However, for the system studied h
this is not applicable~see Fig. 2!, and one should also con
sider the possibility of phonon frequency shift due to latt
anomalies, even in the absence of a lattice unit cell volu
change. The lattice expansion/contraction due to anhar
nicity and/or magnetostriction effects are all included
(Dva) latt . The second term in Eq.~1!, (Dva)anh , is the
intrinsic anharmonic contribution, i.e., the anharmonic f
quency shift at constant volume. The term (Dva) ren ac-
counts for the effect in the phonona of a renormalization of
the electronic states that may occur near the spin orde
temperature.18,19Finally, (Dva)s-ph , the spin-phonon contri-
bution, is caused by the modulation of the exchange inte
by lattice vibrations. This contribution was considered fo
mally by Baltensperger and Helman for the europium ox
structure.20 Below we adapt their formalism to the case
undoped perovskite manganites (d;0).

In a nearest-neighbors approximation, the spin-avera
exchange energy for LaMnO3 can be written as

Hspin'2 (
i , j . i

Ji j ^Si•Sj&, ~3!

whereJi j is the superexchange integral,^Si•Sj& is the scalar
spin correlation function and the summation inj is over three
nearest neighbors of thei th Mn ion such that each pair is no
considered twice. Notice that the DE coupling energy is
nored in this treatment (d;0), as well as the Dzyaloshinsky
Moriya and magnetocrystalline anisotropy energies. T
change ofJi j due to theath Raman active normal mode o
vibration, DJi j

a , can be obtained by a second-order Tay
expansion on the O22 displacements associated to that mo

DJi j
a
„uk

a~ t !…5@uk
a~ t !•“k#Ji j 1

1
2 @uk

a~ t !•“k#
2Ji j , ~4!

whereuk
a(t) is the displacement vector from the equilibriu

positions of thekth O22 ion, placed between thei th and
j th Mn31 ions, for theath normal mode of vibration. Notice
that we have assumed first neighbors interactions only.
serting Eq.~4! into Eq. ~3! and considering the Hamiltonia
H5Hlatt1Hspin , the total potential energy of a Rama
active normal modea is separated into ‘‘lattice’’ and ‘‘spin’’
contributions, where the ‘‘spin’’ term may be written in th
form

Uspin
a 5

1

2 (
k

uk
a~ t !Dspinuk

a~ t ! . ~5!

The angular frequency shift of the phonon due to m
netic ordering is then given by

~Dva!s-ph5
1

2mava
(

k
ûk

aDspinûk
a , ~6!

wherema is the reduced mass andûk
a5uk

a/uuk
au .

Undoped LaMnO3 presentsPnmacrystal structure, and in
this case we can write
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~Dva!s-ph52
N

2mava
$2^Si•Sj&xz@ ûO1

a ~ t !•“O1#
2Jxz

1^Si•Sj&y@ ûO2
a ~ t !•“O2#

2Jy%, ~7!

whereN is the number of Mn31 ions and O1 and O2 refer to
an xz-plane and ay-direction O22 ion, respectively. Notice
that for undoped LaMnO3 the magnetic coupling is FM in
the xz plane and AFM in they direction.21 Thus, in a mo-
lecular field approximation, we have ^S0•S1&xz
'4@Msublatt(T)/4mB#2, whereMsublatt(T) is the FM sublat-
tice magnetization per Mn31 ion. Taking into consideration
xz-plane stretching vibrations, Eq.~7! reduces to

~Dvstret!s-ph'2
2

mva

]2Jxz

]ustret
2 S Msublatt~T!

4mB
D 2

, ~8!

wherem is the oxygen mass.
To analyze the origin of the observedsofteningfor the

604 cm21 stretching mode of the AFM samples, we fir
consider the lattice contribution (Dva) latt in Eq. ~1!. Assum-
ing that the energy of anac-plane O(xz) stretching mode is
mainly determined by the binding between Mn and O(xz)
ions, asofteningof this mode belowTN would be consistent
with ~i! an increase of the Mn-O(xz) bond lengths and/or~ii !
a decrease of the Mn-O(xz)-Mn bonding angle. TheT de-
pendence of theD2h

16 (Pnma) lattice parametersa, b/A2,
and c, of the d50.00 sample~see Fig. 2! shows a small
increase of 0.005 Å of thec parameter, while thea param-
eter remains nearly constant belowTN5138 K. This behav-
ior is not consistent with either~i! or ~ii !. Actually, it may be
associated with a decrease of the angle between theac plane
and the plane defined by the Mn31 and the four surrounding
O(xz) ions, due to exchange strictive effects, and theref
to an increase of the Mn-O(xz)-Mn bonding angle. Another
indication that the lattice contribution is not important is t
fact that the;610 cm21 Raman mode is quite insensitive t
lattice parameter variations. Notice that, within our expe
mental resolution, the stretching mode frequency of
sample withd50.07, with strong lattice anomalies belo
TC5162 K ~see Fig. 2!, does not show any anomaly belo

FIG. 3. Squares: Temperature dependence of the shift of
frequency of the 604 cm21 mode with respect to its value atT
5190 K, 1

2p @v(T)2v(190 K)#, for the LaMnO3: Ar annealed
sample. Line:@Msublatt(T)/4mB#2 for an AFM LaMnO3 sample
with TN5140 K ~taken from Ref. 12!.
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this temperature~see Fig. 1!. Also, the frequency of this
mode for the sample withd50.00 is nearly constant fo
150,T,300 K, where the lattice changes are of the sa
order of those observed below 150 K. Therefore, the lat
term in Eq.~1!, (Dva) latt , cannot explain the observed sh
of the ;610 cm21 stretching mode belowTN for the AFM
LaMnO31d samples. Besides, the observed anomaloussoft-
ening cannot be explained by the pure anharmonic term
Eq. ~1!, (Dva)anh , since no anomaly is observed in the lin
width of the ;610 cm21 peak, within our experimenta
resolution.8 Finally, the well-known insulating character o
near-stoichiometric LaMnO3 for all temperatures11 indicates
that our AFM samples do not present any effect of renorm
ization of electronic states nearTN . Therefore, we sugges
that the magnetic term in Eq.~1!, (Dva)s-ph , is responsible
for the anomalous behavior of the stretching mode in
AFM LaMnO31d samples.

Figure 3 shows the frequency shift of the stretchi
;610 cm21 mode relative to its value atT5190 K,
1

2p @v(T)2v(190 K)#, for the Ar annealed sample. Th
sample proved to be our most homogeneous sample, i.e.
sample which presented the smallest frequency change o
;610 cm21 Raman mode for light focused in different re
gions of the sample. The shift was scaled to the normali
square of the sublattice magnetization,@Msublatt(T)/4mB#2,
taken from Ref. 12 for a similar LaMnO3 sample withTN
5140 K. The scaling is remarkably good, and consist
with Eq. ~8!. This proves that the anomalous shift of th
frequency of the stretching Raman mode is actually due
v.
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spin-phonon interactions. From the data of Fig. 3 and
~8!, we obtain (]2Jxz /]ustret

2 )5116 mRy/Å2.
The actual magnetic moments alignment in the grou

state of LaMnO3 has been the subject of curre
research.22–24 It was suggested thatJxz and Jy are rather
sensitive to the strength of the Jahn-Teller distortion, qu
tified by the ratio between the long and short Mn-O bonds22

In-plane stretching vibrations modulate this ratio, therefo
the (]2Jxz /]ustret

2 ) value obtained for the stoichiometri
sample may become an important parameter to be taken
consideration when modeling the magnetic structure of
compound. The reduction of thesoftening of the
;610 cm21 mode as d increases indicates tha
(]2Jxz /]ustret

2 ) decreases as the cooperative Jahn-Teller
tortion is reduced~see Table I!.

In summary, the Raman spectra of LaMnO31d were ana-
lyzed in terms of their structural and magnetic properti
The anomaloussoftening of the ;610 cm21 stretching
mode observed below the magnetic ordering for the ort
rhombic samples withd<0.05 was ascribed to a phono
modulation of the nearest-neighbors exchange integral. F
our data, we found that (]2Jxz /]ustret

2 )5116 mRy/Å2 for
the Ar annealed sample. The value of this constant may h
the modeling of the magnetic structure in this material.
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