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Magnon damping by magnon-phonon coupling in manganese perovskites
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Inelastic neutron scattering was used to systematically investigate the spin-wave excitations~magnons! in
ferromagnetic manganese perovskites. In spite of the large differences in the Curie temperatures (TC’s! of
different manganites, their low-temperature spin waves have very similar dispersions with the zone-boundary
magnon softening and broadening that cannot be explained by the canonical double exchange mechanism.
From the wave-vector dependence of the magnon lifetime effects and its correlation with the dispersions of the
optical-phonon modes, we argue that a strong magnetoelastic~magnon-phonon! coupling is responsible for the
observed low-temperature anomalous spin dynamical behavior of the manganites.
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The elementary magnetic excitations~spin waves or mag-
nons! in a ferromagnet can provide direct information abo
the itinerancy of the unpaired electrons contributing to
ordered moment. In insulating~local moment! ferromagnets,
such excitations are usually well defined throughout the B
louin zone and can be described by the Heisenberg mod
magnetism.1 On the other hand, metallic~itinerant! ferro-
magnets are generally characterized by the disappearan
spin waves at finite energy and momentum due to the p
ence of the Stoner~electron-hole pair! excitation continuum
associated with the band structure and itinerant electron
the system.2 In the mixed valent ferromagnetic mangane
perovskites~manganites! A0.7B0.3MnO3 ~whereA andB are
rare-earth and alkaline-earth elements, respectively!,3 the fer-
romagnetism and zero-temperature electric conductivity
be continually suppressed by differentA(B) substitutions
until an insulating, charge-ordered ground state is stabiliz4

Due to the octahedral crystalline field, the 3d energy levels
of the Mn31 ion in A0.7B0.3MnO3 split into a lowert2g trip-
let, forming anS53/2 core spin, and an uppereg doublet,
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the conduction band. For manganites with higher Curie te
perature (TC) and lower residual resistivity, the low
temperature spin-wave excitations are that of a conventio
metallic ferromagnet and their dispersions can be descr
by a simple Heisenberg Hamiltonian with the neare
neighbor exchange coupling.5–7 Indeed, such behavior is ex
pected from the canonical double exchange~DE!
mechanism8 in the strong-coupling limit, where the hoppin
kinetic energy~t! of the conduction band (eg) electrons is
much less than the intra-atomic~Hund-rule coupling! ex-
change energyJH (JH /t→`).9–11 With decreasingTC and
increasing residual resistivity, anomalous softening a
broadening of magnons deviating from the simple Heis
berg Hamiltonian were observed near zone boundary at
temperatures.12 The question is whether such anomaly
purely electronic in origin13,14 or the consequence o
electron-lattice coupling known to be important to the tran
port properties of these materials aroundTC .15,16 In particu-
lar, if DE mechanism alone is insufficient and electron-latt
coupling must be included to explain the anomalous beh
9553 ©2000 The American Physical Society
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ior, it is important to establish how electrons couple to t
underlying lattice on a microscopic scale.17,18

Here we present inelastic neutron-scattering data that
gest a microscopic origin for the observed low-temperat
spin-wave softening and broadening. By comparing sp
wave excitations of three manganite single crystals that h
approximately the same nominal carrier concentration
significantly differentTC’s and residual resistivity~see Fig.
1!, we show that the single-band DE model and Heisenb
Hamiltonian do not capture the physics of their spin dyna
cal properties. Moreover, from the wave-vector depende
of the magnon lifetime effects and its association with
dispersions of selected optical phonon modes, we argue
the observed magnon softening and broadening are du
strong magnetoelastic~or magnon-phonon! interactions, con-
sistent with the electron-lattice coupling for the mangani
in the proximity of the charge ordered insulating state.

For this study, we prepared ferromagnetic pseudocu
single crystals of Pr0.63Sr0.37MnO3 ~PSMO!, La0.7Ca0.3MnO3
~LCMO!, and Nd0.7Sr0.3MnO3 ~NSMO! by floating zone
technique. The properties of PSMO and NSMO were
cribed in detail previously.19 The LCMO single crystal is
approximately 0.4 cm3 in volume and has mosaic of abo
1°. The experiments were performed using the HB-1, HB
and HB-3 triple-axis spectrometers at the High-Flux Isoto
reactor of the Oak Ridge National Laboratory. Most of t
spin-wave measurements were carried out on the HB-1 s
trometer with pyrolytic graphite as the monochromator, a
lyzer, and filters. The final neutron energy was fixed atEf

FIG. 1. Temperature dependence of the resistivityr(T) for
single crystals used in the neutron-scattering experiments. The
drop in r(T) corresponds to the Curie temperature (TC) of our
samples. They are 301, 238, and 198 K for PSMO, LCMO, a
NSMO, respectively. The inset shows the normalized resisti
r(T)/r(0), it is clear that all three samples have the sa
r(T)/r(0) temperature dependence below about 100 K.
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513.6 meV with typical collimations of, proceeding from
the reactor to the detector, 48-40-60-120 min~full width at
half maximum!. To label wave vectors in reciprocal spac
we use reciprocal-lattice units~rlu! such that the momentum
transfer (qx ,qy ,qz) in units of Å 21 are at reciprocal spac
positions (H,K,L)5(qxa/2p,qya/2p,qza/2p) rlu, where a
('3.86 Å! is the lattice parameter of the pseudocubic u
cell. In this notation, the zone boundary along the@0,0,j#
direction for ferromagnetic spin waves is at the~0,0,0.5! rlu.
For the experiment, we oriented the crystals such that w
vectors in the form of (H,H,L) rlu can be accessed in th
horizontal scattering plane.

The temperature-dependent resistivityr(T) for these
three samples is shown in Fig. 1. The characteristic dropr
coincident withTC is clearly seen to increase with decrea
ing TC . At the same time the residual resistivity increas
almost linearly with decreasingTC , indicating that the sys-
tem becomes a worse metal at low temperatures for mate
with larger magnetoresistance effect. An interesting feat
of r(T) at low temperatures is that all three samples exh
the same temperature dependence below;100 K whenr(T)
is scaled to the residual valuer(0). Theinset to Fig. 1 illus-
trates this point.

The open symbols in Fig. 2 summarize the spin-wa
dispersions along two high symmetry directions at 10 K
PSMO, LCMO, and NSMO. Clearly, the dispersions of the
three manganites are remarkably similar at the measured
quencies, indicating that the magnetic exchange coup
strength, derived from the hopping of theeg electrons be-
tween the Mn31 and Mn41 sites, depend only weakly on
TC . These results are in sharp contrast to the single-band
model where the spin-wave dispersions are directly relate
electronic bandwidth and henceTC .9–11 In the strong-
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FIG. 2. Open symbols show magnon dispersions along
@0,0,j# and@j,j,0# directions for;30% manganites PSMO~open
squares!, LCMO ~open circles!, and NSMO~open down triangles!
at 10 K. The data for PSMO are from Ref. 13. The solid line is a
to a nearest-neighbor Hamiltonian assuming isotropic spin wa
for j,0.1. Full symbols show selected LO phonon modes collec
along the reciprocal-lattice directions as specified in the legend.
rapid decrease of the manganese magnetic form factor at these
wave vectors ensure that the scattering stem mostly from the la
vibrations~phonons!.
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coupling limit of this model, the spin-wave dispersion of t
ferromagnet is consistent with the nearest-neighbor Heis
berg Hamiltonian and the spin-wave stiffness constanD
should be proportional to the electron transfer energyt. Pre-
vious work has shown that such single-band DE mode
adequate for describing the spin dynamics of the highestTC

ferromagnetic manganites.5–7 To estimate the spin-spin ex
change coupling strength, we note that the low-freque
spin waves ofA0.7B0.3MnO3 manganites LCMO,20 NSMO,
and PSMO~Ref. 19! are isotropic and gapless with a stif
nessD'165 meV Å22. For a simple cubic Heisenberg fe
romagnet with nearest-neighbor exchange couplingJ, D
52JSa2, whereS is the magnitude of the electronic spin
the magnetic ionic sites anda (a.3.86 Å! is the lattice
parameter. From the measured spin-wave stiffness, one
calculate the exchange coupling strengthJ and hence the
expected dispersion for a simple nearest-neighbor Hei
berg ferromagnet. The solid lines in Fig. 2 show the outco
of such calculation which clearly misses the measured s
wave energies at large wave vectors.

Figure 3 shows typical constant-q scans along the@0,0,j#
and @j,j,0# directions for LCMO and NSMO. Most of the
data are well described by Gaussian fits which give the
plitude, widths, and peak positions of the excitations. Wh
the dispersion curves shown in Fig. 2 are obtained by p
positions at different wave vectors, the amplitude and wid
provide information about the damping and lifetime of t
magnon excitations. Figure 3~a! displays the result along th
@0,0,j# direction and similar data along the@j,j,0# direction
is shown in Fig. 3~b!. It is clear that spin waves are signifi
cantly damped at large wave vectors. Although still re
tively well defined throughout the Brillouin zone in th
@0,0,j# direction for both compounds, the excitations are b
low the sensitivity of the measurements at wave vectors
yond~0.25,0.25,0! rlu along the@j,j,0# direction for NSMO.

To further investigate the wave-vector dependence of
spin-wave broadening and damping, we plot in Fig. 4
intrinsic widths of the magnons along the@0,0,j# direction.
The full width at half maximum~FHWM! of the excitations
G shows a similar increase at wave vectors larger thaj
'0.3 rlu for all three manganites. To determine wheth
such broadening is due to the Stoner continuum, we note
at low temperatures, the spin moment of itinerant electr
of ferromagnetic manganites is completely saturated and
system is in the half-metallic state.21 In this scenario of the
DE model, there is complete separation of the majority a
minority band by a largeJH . As a consequence, the Ston
continuum is expected to lie at an energy scale (2JH) much
higher than that of the spin-wave excitations.10 For this rea-
son, the observed magnon broadening and damping for lo
TC manganites are unlikely to be due to Stoner continu
excitations.22

On the other hand, such behavior may be well underst
if one assumes a different spin-wave damping channel th
related to a strong coupling between the conduction b
(eg) electrons and the cooperative oxygens in the Mn-O-
bond, analogous to that of a dynamic Jahn-Teller~JT!
effect.17 Although JT based electron-lattice coupling
known to be important for the metal-to-insulator transition
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temperatures near and aboveTC ,15,16such coupling may also
be important to understand the low-temperature magn
properties.

If electron-lattice coupling is indeed responsible for t
observed spin-wave broadening and damping, one would
pect the presence of such coupling in the lowerTC samples
that should be absent in the higherTC materials. Experimen-
tally, there have been no reports of magnon-phonon coup
in the higherTC A0.7B0.3MnO3.5,6 For the DE ferromagne
La0.8Sr0.2MnO3 (TC5304 K!, Mouddenet al.7 have mea-
sured the spin-wave, acoustic, and optical-phonon dis

FIG. 3. Constant-q scans at selected wave vectors for LCM
and NSMO at 10 K along the@0,0,j# (A) and @j,j,0# (B) direc-
tions. The data were taken with PG as monochromator and ana
at a final neutron energy ofEf513.6 meV. Analyzer turned back
ground have been subtracted from the data. The magnetic natu
the signal was confirmed by measuring the temperature and w
vector dependence of the scattering~see Fig. 2 of Ref. 13!. There is
a dispersionless crystal electric-field~CEF! level at;12 meV from
Nd for NSMO. The horizontal bars show the resolution along
scan direction. Solid lines are Gaussian fits to the data.
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sions from the zone center to the zone boundary along
@0,0,j# direction. Phonon branches were found to cro
smoothly through the magnon dispersion with no hint
magnon-phonon hybridization. Similar results were found
La0.75Ca0.25MnO3.23 For ferromagnet La0.7Ca0.3MnO3, infra-
red reflectivity spectra show three zone center (q50)
transverse-optical~TO! phonons located around 20.4, 4
and 73 meV.24 These three phonon modes were identified
‘‘external,’’ ‘‘bending,’’ and ‘‘stretching’’ modes which cor-
respond to the vibration of the La/Ca ions against the Mn6
octahedron, the bending motion of the Mn-O-Mn bond, a
the internal motion of the Mn ion against the oxygen oc
hedron, respectively.

To search for possible magnon-phonon coupling in
lower TC manganites, we have measured selected op
phonons in the LCMO single crystal. Figure 2 shows tw
longitudinal optical~LO! phonon modes throughout the Bri
louin zone as solid symbols. The energies of the two
modes observed by neutron scattering atq50 are very close
to that the external and bending modes identified by infra
reflectivity.24 At wave vectors larger than 0.3 rlu, the dispe
sions of these two phonon modes are remarkably clos
those of the magnons along the@0,0,j# and @j,j,0# direc-
tions. This suggest that the softening of the spin-wa
branches in Fig. 2 may be due to the magnon-phonon c
pling.

In principle, the interaction between the magnetic m
ments and the lattice can modify spin waves in two differ
ways. First, the static lattice deformation induced by the
dered magnetic moments may affect the anisotropy of
spin waves. Second, the dynamic time-dependent mod

FIG. 4. The intrinsic magnon widthsG along the@0,0,11j#
direction for PSMO, LCMO, and NSMO at 10 K. To obtainG, we
have deconveluted the spin-wave widths from the instrume
resolution calculated using the spin-wave dispersion at the m
sured wave vectors. Significant broadening ofG is seen atj'0.3
rlu. The arrow indicates the crossing point of magnon and pho
dispersions. Solid line is the guide to the eye.
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tions of the magnetic moment may interfere with the latt
vibrations, resulting in significant magnetoelastic intera
tions or magnon-phonon coupling. One possible con
quence of such coupling is to create energy gaps in the m
non dispersion at the nominal intersections of the mag
and phonon modes. Our spin-wave dispersion data in Fi
show no obvious evidence for such gap at the magnon
phonon crossing atj'0.3 rlu. However, we cannot rule ou
the presence of such gap because the broad nature o
scattering for j.0.3 @Fig. 3~a!#. Alternatively, magnon-
phonon coupling, present in all exchange coupled magn
compounds to some extent, may give rise to spin-wa
broadening.25 In this scenario, the vibrations of the magne
ions about their equilibrium positions affect the exchan
energy through the spatial variation of the spin-spin e
change coupling strength, which in turn leads to spin-wa
broadening at the magnon-phonon crossing points. Ge
ally, one would expect such coupling to be strong for t
lower TC A0.7B0.3MnO3 manganites because of their clo
proximity to the charge-ordered insulating state.4 This is ex-
actly what is observed for these materials atj>0.3 rlu along
the @0,0,j# direction. Constant-q scans@Fig. 3~a!# show sud-
den broadening of the spin waves from wave vectorj
50.27 to 0.35 rlu in LCMO and NSMO. Similarly, Fig. 4
reveals that magnon widths increase considerably at w
vectorsj>0.3 rlu for all three manganites investigated, co
sistent with the expectation of a strong magnon-phonon
bridization.

We have discovered that spin-wave softening and bro
ening along the@0,0,j# direction occur at the nominal inter
section of the magnon and optical phonon modes in lowerTC
A0.7B0.3MnO3 manganites. This result strongly suggests t
magnetoelastic coupling is important to the understanding
the low-temperature spin dynamics ofA0.7B0.3MnO3. In the
lower doping canted ferromagnet La0.85Sr0.15MnO3,26 much
larger spin-wave broadening and damping were found at
temperatures.27 Although the magnon dispersion relation
that system appears to be consistent with the simple nea
neighbor Heisenberg Hamiltonian, the observation of stro
anisotropic spin-wave broadening is in sharp contrast to
expectation of the single-band DE model where magnon
the ground state are eigenstates of the system.27 Therefore it
becomes clear that the single-band DE mechanism ca
describe the spin dynamics of La0.85Sr0.15MnO3 and lower
TC A0.7B0.3MnO3 manganites, not even in the low
temperature ground state. To understand the extraordi
magnetic and transport properties ofA12xBxMnO3, one must
explicitly consider the close coupling between charge, sp
and lattice degrees of freedom in these complex materia
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