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Magnetic ordering effects in the Raman spectra of La_,Mn;_,O4
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Temperature-dependent Raman spectra of polycrystalling ,Mn; ,O; samples, referred to as
LaMnQO;, 5 for convenience, were correlated to their structural and magnetic properties for differEot
5<0.05, asofteningof the ~610 cm ! Raman mode is observed below the magnetic ordering temperature.
This softeningis reduced ass 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 pres¢®@t63-1829)10737-9

In recent years, much effort has been devoted to undettransitions. From a first-neighbors contribution, we obtain
standing the physics involved in the transport and magnetithe value of the second derivative of tRe-plane superex-
phenomena of perovskite manganites. It was claimed thathange integral with respect to the stretching oxygen dis-
the early double-exchangéDE) theory cannot explain placements in the Mn-G) direction.
quantitatively the large conductivity drop near the In this paper, for simplicity, the nomenclature LaMnQ
ferromagnetic-paramagnetiEM-PM) transitions for doped is used. However, we should mention that th& Gons can-
compounds. The presence of lattice polarons, possibly en-not be accomodated interstitially in the lattice. Thus, from a
hanced by the strong Jahn-Teller character of thé"Mon,  crystallographic point of view, the correct formula for this
has been invoked to explain the large change in electroseries is La_,Mn;_,O; with x~ 5/3.1° General properties
kinetic energy al ~Tc,? as well as other anomalous physi- of cation-deficient samples with the £aMn; _, 05 formula
cal properties of these materidls. Such polarons are ex- have been systematically studied in the literatdré?
pected to be present whep>w_, !, wherer, is the electron The LaMnG;,, s samples studied in this work were grown
transfer time andw,, is the frequency of an optical-mode by different methods. Samples with=0.00, 0.03, 0.05, and
lattice vibration associated with a dynamic Jahn-Teller0.07 were prepared following the nitrate decomposition
distortion? i.e., a stretching mode. Therefore, lattice vibra-method using Mn and L&, as starting materiafS. The
tions possibly play an important role in the conductionsample referred to as LaMn©OAr annealed was prepared by
mechanism of this class of materials. Although the parenstandard ceramic methods, heating stoichiometric mixtures
compound LaMn@is an antiferromagnetiAFM) insulator,  of the corresponding oxidé§ The structure and phase purity
the study of the lattice and magnetic properties of this mateef the samples were checked by x-ray powder diffraction.
rial may be taken as a starting point to a consistent undewell resolved x-ray patterns were obtained with Ka ra-
standing of the more complex physical properties of thediation of a Rigaku conventional source and a high-
doped compounds. resolution diffractometer with low-temperature attachment.

Perovskites with an orthorhombi®nma space group Lattice parameters were obtained using a Rietveld refinement
present 24 Raman active modes AgA5B;4+7B,,  program:’ Magnetization(dc/ag measurements have been
+5B3,). Lattice dynamical calculations and assignment oftaken in a Quantum Design PPMS magnetometer. Details of
the Raman modes of LaMnQvere done previously by lliev the Raman experimental setup are given elsewhébeept
et al” In a recent work, we reported softeningof the  for the x-ray experiments, all the measurements as a function
604 cm ! stretching mode beloW for the orthorhombic  of T were done with increasing temperature.

LaMnOs,,® also observed by othe?sThis effect was asso- A summary of the structural and magnetic properties of
ciated with spin-phonon interactiodsnd exchange striction the studied samples is given in Table I. The Ar annealed
effects® Nevertheless, a detailed study that explainssibe=  sample and those witd=0.00 and 0.03 are mainly AFM
eningof the 604 cm! stretching mode in LaMngis still  with a FM component that increases wigh For simplicity,
missing. In this work, we present Raman and x-ray studies ofve will refer to all these samples as AFM. The sample with
the LaMnQ,, 5 controlled oxygen content serie$<€0.07).  §=0.07 is FM. Finally, the sample with=0.05 presents a
We conclude that the observed anomalous shifts for theomplex magnetic behavior that can be ascribed to frustrated
~610 cm ! mode in the samples with<0.05 are due to a FM or mixed FM/AFM phase$® All the samples studied in
phonon modulation of thez-plane superexchange integral this work present orthorhombienma crystal structure be-
and not to the lattice anomalies observed below the magnetisveen 15 and 300 K.
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TABLE |I. Magnetic and structural data for the samples studied in this work.

Magnetic properties Structural properties
Sample Magnetic Critical T=300 K
ordering temperature aA) b (A) c (A Vifu. (A3

LaMnO; @ AFM Ty=141 K 5.7241) 7.6961) 5.5341) 60.953)
LaMnOs oo AFM Ty=138 K 5.7021) 7.7021) 5.5381) 60.803)
LaMnOs g3 AFM Ty=124 K 5.6451) 7.7211) 5.54Q1) 60.313)
LaMnOs g5 Complex Tc=115 K 5.595%1) 7.7481) 5.5381) 60.003)
LaMnO; o7 FM Tc=162 K 5.5331) 7.7891) 5.5381) 59.613)

8Ar annealed.

The Raman spectra dt=10 K of the Ar annealed and FM §=0.07 sample, large lattice parameter anomalies are
6=0.00 samples are similar to that reported by us forfound aroundT. that may be due to charge ordering
LaMnOs,.8 As & increases we observ® a broadening of effects'! Despite the lattice parameter changes found for our
all the Raman modes and) a systematic shift of the 292 samples, within our experimental resolution, no anomaly has
and 604 cm?! modes in the Ar annealed sample to 270 andbeen observed on the unit cell volume near the magnetic
616 cm !, respectively, in thes=0.07 sample. These ef- ordering.
fects are somewhat similar to those observed in the In magnetic materials, the frequency change of a phonon
La;_,SrMnO; system for increasing.® a with T can be written as

The T dependence of the frequency of the610 cni 't
Raman mode is shown in Fig. 1 for all studied samples. This _ — _
mode was associated to an in-phase stretching vibration of 0o 1)~ 0ul(To)=A0o(T) = (A0t (A0a)ann
0%~ (x2) ions against MA" ions! For §<0.05, an anoma- +(Awy)rent (Awy)sph- (1)
lous softeningof this mode is observed near and below the
magnetic ordering temperature. Thsfteningis reduced as The first term on the right-hand side is the contribution to the
d increases. For the FM=0.07 sample, no change in the phonon frequency of the change of the ionic binding energies

behavior of the~610 cm* mode is observed beloWc,  due to the lattice expansion/contraction. It is usually approxi-
within our experimental resolution. mated by the Gneisen law:

Figure 2 shows thdé dependence of th®nma lattice
parameters, b/\/2, andc and the unit cell volum# for the 52— T T T T T T
6=0.00 and 0.07 samples. Although theariation of lattice 1 — ——
parameters of samples with similar values ®fhas been 5701 Vi "
previously reported® our samples present different behavior x a\ =
of theaandc (Pnmg parameters as compared to thand : B 1
a (Pbnm) published parametels. Despite these differ- o3 5549 et et
ences, some common features in thelependence of the P 5052_’ e c//' ]

lattice parameters for the samples studied in both works can
be found. Small anomalies are observed in the lattice param- 5.50 ) e
eters for the AFM5=0.00 sample below,, which may be 1 e I .
5.48 B / -
LaMnO
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FIG. 1. Temperature dependence of the frequency for the )
~610 cm'?! stretching mode, for the Ar annealed a#fe:0.00, FIG. 2. Temperature dependence of the lattice parameters
0.03, 0.05, and 0.07 samples. Dashed and continuous lines abéy2, andc and of thePnmaunit cell volumeV for the LaMnG, 4,
guides to the eyes. (continuous linesand LaMnQ y; (dashed linessamples.



PRB 60 BRIEF REPORTS 11881

Aw,| AV 5 A 3 N ois .Sy i v 12
@a Iatt__ya v @ (Awa)spn=- ZMawa{ (S S)xd Uga(t) - VorlIx,
wherevy,, is the Grineisen parameter for the normal made +(S- Sj)y[l]gz(t) ) Voz]ZJy}, @

Equation(2) is applicable for cubic crystals or for isotropi-

cally expanded lattices. However, for the system studied her@hereN is the number of M#* ions and O1 and O2 refer to
this is not applicabldsee Fig. 2 and one should also con- anxz-plane and g-direction G~ ion, respectively. Notice
sider the possibility of phonon frequency shift due to latticethat for undoped LaMn@the magnetic coupling is FM in
anomalies, even in the absence of a lattice unit cell voluméhe xz plane and AFM in they direction® Thus, in a mo-
change. The lattice expansion/contraction due to anharmdecular field approximation, we have (Sy-Sy)y,
nicity and/or magnetostriction effects are all included in=~4[MsuplarT)/4ug]?, WhereMgypiai(T) is the FM sublat-
(Aw,)ait- The second term in Eql), (Aw,)ann, iS the  tice magnetization per M ion. Taking into consideration
intrinsic anharmonic contribution, i.e., the anharmonic fre-xz-plane stretching vibrations, E¢?) reduces to

quency shift at constant volume. The term\df,),., ac-

counts for the effect in the phonan of a renormalization of 2 32, [MauplardT)
the electronic states that may occur near the spin ordering (Awsiredsph™ (
temperaturé®*°Finally, (Aw,)s pn, the spin-phonon contri-
bution, is caused by the modulation of the exchange integralherem is the oxygen mass.

by lattice vibrations. This contribution was considered for- Tg ana|yze the Origin of the Observmd)fteningfor the

mally by lgaltensperger and Helman for the europium oxideso4 cm! stretching mode of the AFM samples, we first
structureé?® Below we adapt their formalism to the case of consider the lattice contributiod\@ ) a1 in EQ. (1). Assum-

) 2

, (8
2
Mo, Cgustret

dug

undoped perovskite manganite$~0). _ ing that the energy of aac-plane Okz) stretching mode is
In a nearest-neighbors approximation, the spin-averageghainly determined by the binding between Mn andxg)(
exchange energy for LaMnxan be written as ions, asofteningof this mode belowT , would be consistent
with (i) an increase of the Mn-Qg) bond lengths and/dfi)
Hspm%__z_ Ji(S-S), ©)) a decrease of the Mn-@£)-Mn bonding angle. Th& de-
i,j>i

pendence of thdd3® (Pnm3 lattice parameters, b/\/2,

whereJ;; is the superexchange integré§ - S;) is the scalar and ¢, of the 6=0.00 sample(see Fig. 2 shows a small
spin correlation function and the summatior] is over three  increase of 0.005 A of the parameter, while the param-
nearest neighbors of théh Mn ion such that each pair is not €ter remains nearly constant beldy=138 K. This behav-
considered twice. Notice that the DE coupling energy is igOr is not consistent with eithf) or (ii). Actually, it may be
nored in this treatment¥~0), as well as the Dzyaloshinsky- associated with a decrease of the angle betweeadipane
Moriya and magnetocrystalline anisotropy energies. Theind the plane defined by the #fhand the four surrounding
change ofJ;; due to theath Raman active normal mode of O(x2) ions, due to exchange strictive effects, and therefore
vibration, AJ¢, can be obtained by a second-order Taylor!© an increase of the Mn-@¢)-Mn bonding angle. Another
expansion on the © displacements associated to that modeindication that the Iatyce contribution is not. |m_p0rtan.t-|s the
fact that the~610 cm * Raman mode is quite insensitive to

AJﬁ(uﬁ‘(t))=[uﬁ(t)-Vk]Jij+%[u|i’(t)~Vk]2Jij . 4 lattice parameter variations. Notice that, within our experi-
s ) . mental resolution, the stretching mode frequency of the
whereug(t) is the displacement vector from the equilibrium sample with 5=0.07, with strong lattice anomalies below

positions of thekth O*~ ion, placed between thith and  T_=162 K (see Fig. 2 does not show any anomaly below
jth Mn®* ions, for theath normal mode of vibration. Notice

that we have assumed first neighbors interactions only. In-
serting Eq.(4) into Eq. (3) and considering the Hamiltonian
H=Ha+Hspin, the total potential energy of a Raman-
active normal mode is separated into “lattice” and “spin”
contributions, where the “spin” term may be written in the
form

0 LaMnO3
Ar annealed

0.0

1
nginzz ; uﬁ(t)Dspinuﬁ(t) . (5)

120 [0, (D - o, (190 K)] (cm™)

The angular frequency shift of the phonon due to mag-

netic ordering is then given by . . ——
0 50 100 150 200

1 R R 7K
Awy)sph=a5—"— Uy DgpinUse 6
( Q)SPh 24,0, Ek kZspintk © FIG. 3. Squares: Temperature dependence of the shift of the

R frequency of the 604 cm mode with respect to its value at

where ., is the reduced mass angf = u/|ug] . =190 K, [w(T)— (190 K)], for the LaMnQ;: Ar annealed

Undoped LaMnQ@ presentd?nmacrystal structure, and in - sample. Line:[Mgypia T)/4ug]?® for an AFM LaMnO; sample
this case we can write with Ty=140 K (taken from Ref. 12
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this temperaturgsee Fig. 1 Also, the frequency of this spin-phonon interactions. From the data of Fig. 3 and Eq.
mode for the sample with5=0.00 is nearly constant for (8), we obtain ¢2J,,/du2,.)=+16 mRy/A2.

150<T<300 K, where the lattice changes are of the same The actual magnetic moments alignment in the ground
order of those observed below 150 K. Therefore, the latticestate of LaMnQ has been the subject of current
term in Eq.(1), (Aw,)a, Cannot explain the observed shift researcif?-** It was suggested that,, and J, are rather

of the ~610 cm ! stretching mode below, for the AFM  sensitive to the strength of the Jahn-Teller distortion, guan-
LaMnO;,, s samples. Besides, the observed anomatmfs tified by the ratio between the long and short Mn-O boffds.
ening cannot be explained by the pure anharmonic term idh-plane stret<2:h|ng vibrations modulate this ratio, therefore
Eq. (1), (Aw,)ann, Since no anomaly is observed in the line- the (9%Jx/dug;e) value obtained for the stoichiometric
width of the ~610 cm ! peak, within our experimental S&mple may become an important parameter to be taken into
resolutior® Finally, the well-known insulating character of consideration when modeling the magnetic structure of this

near-stoichiometric LaMn@for all temperature's indicates io(;nl%ounq.l The d reduct|o5n .Of thesofte_nl(rj]_g ?f tht?] ‘
that our AFM samples do not present any effect of renormal- cm mode  as Increases  indicates a

2 2 ; ;
ization of electronic states nedyk,. Therefore, we suggest (9°Jxz/ dUsyre)) decreases as the cooperative Jahn-Teller dis-

that the magnetic term in Eql), (Aw)spn, IS responsible tor?r?glﬁnﬁglrjycetﬁsee;;n?gfzlpectra of LaMnQ were ana-
for the anomalous behavior of the stretching mode in tm:fyzed in terms of their structural and magnetic properties.
AFM LaMnOs, s samples.

. . ___The anomaloussoftening of the ~610 cm'! stretching
Figure 3 shows the frequency shift of the stretchingy,qqe ohserved below the magnetic ordering for the ortho-
1’610 cm* mode relative to its value al=190 K,  hompic samples withs<0.05 was ascribed to a phonon
2L 0(T) — (190 K)], for the Ar annealed sample. This moqulation of the nearest-neighbors exchange integral. From
sample prqved to be our most homogeneous sample, i.e., the, data, we found thawe\]xz/5u§tret): +16 mRy/A? for
sample which presented the smallest frequency change of thge ar annealed sample. The value of this constant may help

~ 71 i i i - . . . . .
-610 cm ~ Raman mode for light focused in different re gwe modeling of the magnetic structure in this material.
gions of the sample. The shift was scaled to the normalize

square of the sublattice magnetizatioi g pat T)/41s]?, This work was supported by FAPESP Grant Nos. 95/
taken from Ref. 12 for a similar LaMnOsample withTy  4721-4 and 96/4625-8, CNPQ Grant No. 143921/95-9, Bra-
=140 K. The scaling is remarkably good, and consistentil and NSF-DMR Grant No. 9705155, and NSF-INT Grant
with Eqg. (8). This proves that the anomalous shift of the No. 9602928. In Argentina this work was partially supported
frequency of the stretching Raman mode is actually due tddy CNEA, CONICET, and Fundacion Antorchas.
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