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We have studied the spin dynamics iny 861 3;MnO; above and below the Curie temperature
Tc = 301 K. Three distinct new features have been observed: a softening of the magnon dispersion
at the zone boundary fdf < T, significant broadening of the zone boundary magnon% as T,
and no evidence for residual spin-wave-like excitations just aligve The results are inconsistent
with double exchange models that have been successfully applied to Highsamples, indicating an
evolution of the spin system with decreasifig. [S0031-9007(97)05186-7]

PACS numbers: 75.30.Ds

The revival in the study of manganites has led to a In this paper we report a neutron scattering study of the
reexamination of the unique coupling between magnetisrmagnetic dynamics in RgSr.37MnO; above and below
and charge transport in these materials. We focus offir = 301 K, focusing on the zone boundary magnons.
perovskite manganites with a transition from a highAt 10 K (0.037¢), the magnons are well defined for all
temperature paramagnetic insulator to a low temperatur@ave vectorsy and exhibit a significant deviation from
ferromagnetic metal at the Curie temperatite The the dispersion associated with the simplest local moment
samples that exhibit this behavior have been partially holelescription. At 265 K@.97¢), the dispersion relation has
doped away from a parent antiferromagnetic insulatoruniformly softened but maintains itg dependence, and
such as LaMn@ by divalent substitution on the La site, significant broadening of the short wavelength magnons is
such as Lg;Ca3Mn0O; [1]. The Mn 3d levels, split by observed. At 315 K1.057¢), just 14 K aboveT¢, there
the oxygen octahedral crystal field to a lower energy is no evidence for an inelastic magnetic peak at gny
triplet and a higher energy, doublet, are filled according We argue that these observations are at odds with double
to Hund’s rule such that all spins are aligned on a giverexchange calculations of the spin excitations (including
site by a large intra-atomic exchangl. Electronic leading order self-energy corrections), indicating qualita-
conduction arises from the hopping of an electron fromtively different spin dynamics in loweF: samples.

Mn3* to Mn** with electron transfer energy. This We used the floating zone method to grow a large
results in the ferromagnetic double exchange interactiosingle crystal of Ry¢;Sr37MnO; with a mosaic spread of
between localizedS = 3/2 spins (the corer,, triplet)  0.5° full-width at half maximum (FWHM). The neutron
mediated by the hopping, electron [2,3]. scattering measurements were carried out on the HB1

Recently, it has been shown that although the hightriple-axis spectrometer at the High-Flux Isotope Reactor,
estT¢c materials are reasonably described by the doubl®ak Ridge National Laboratory. The collimations were,
exchange model, with decreasiffig (and reduced elec- proceeding from the reactor to the detector;80-S-40-
tronic bandwidth), the dramatic magnetotransport prop70, and the final neutron energy was fixedt = 13.5
erties and increasingly first-order transition require theor 30.5 meV. The monochromator, analyzers and filters
incorporation of a strong Jahn-Teller based phonon couwere all pyrolytic graphite. The sample was slightly
pling [4—6]. This has been corroborated by a numbeiorthorhombic and twinned at the measured temperatures.
of studies showing the growing importance of static andEven so, we assumed a cubic lattice, & 3.86 A)
dynamic lattice distortions as the zero temperature insubecause we could not resolve the effects of the twinning
lating state is approached [7,8]. Thus far, most studiesvithin the spectrometer resolution.
of the spin dynamics have focused on hifjh samples Figure 1 shows the magnon dispersion along the
which have been shown to be consistent with the doublg0,0,1], [1,1,0], and [1,1,1] directions at 10 K, and
exchange model [9-11]. With decreasifig however, along[0,0,1] at 265 K (0.97¢). Figure 2 shows some
important deviations may occur, as indicated by the deef the constany scans from which Fig. 1 was obtained.
velopment of a prominent diffusive central peak ngar The experimentally observed magnon peaks were accu-
in Lay¢7Ca33Mn0O; (T¢ = 250 K) [12]. By studying the rately described by Gaussian fits. To verify that our
spin dynamics in a sample with reducgg, we can testif results are not instrumental artifacts, we performed a four-
the spin system remains well described by simple doubldimensional Monte Carlo convolution of the experimental
exchange (allowing for renormalizations oindJg), or  resolution function [13] and the theoretical neutron scat-
just as for the charge dynamics, the lattice coupling mustering cross section for damped spin waves. We veri-
be explicitly considered. fied that the peak positions were relatively unchanged,
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FIG. 1. Magnon dispersions for(0,0, &), (&,€,0), and 1
(£,£,6) (where ¢ = 0.5 is the cubic zone boundary) at ol
T = 10 and 265 K. The solid line is a fit to a nearest-neighbor L]

Hamiltonian for T = 10 K and ¢ < 0.2. The dashed line 1520
is a fit for all data including up to fourth nearest neighbors Energy (meV)
at T = 10 K. The dotted line is the corresponding four
neighbor fit forT = 265 K. Also shown in squares are data
for Lay;PhysMnO; at 10 K (from Ref. [10]).

FIG. 2. Constant; scans at two different wave vectors with
the left panel close to the zone center and the right panel
close to the zone boundary. There is a dispersionless crystal
electric field (CEF) level at-12 meV from Pr (shown as dash-

. . .dot line). The solid circles are a constanscan of the CEF
especially near the zone boundary saddle point, where Sigsye| at (0,0, 1), the zone center. At 265 K, the intensity of
nificant resolution-induced shifts could occur. Our calcu-the CEF level drops to undetectable levels and has therefore

lations place an upper bound of 0.5 meV for the shift inbeen ignored in the data analysis at this temperature. The
the peak position due to resolution effects. Another pOST = 315 K data have been fitted with a simple Lorentzian line

; i PSR hape (including a Gaussian). The other data have been fitted
sible source of misinterpretation is that the broad peak q?o a damped harmonic oscillator, including 4D convolution of

(0,0,1.4) at 265 K is actually a composite of phonon asie jnstrumental resolution as described in the text. The dashed
well as magnon peaks. This was ruled out by measuringne is the instrumental response to spin waves with infinite
the same point in the next zone, which showed the samidetimes and the dispersion shown in Fig. 1.
line shape, down in intensity by the magnetic form factor.

Focusing first on the low temperature dispersion, a
new feature we have observed is the significant softerwhich requires the next Fourier term in this direction,
ing at the zone boundary, seen in all directions. Theorresponding ta/s. Nevertheless, the fourth nearest-
Heisenberg spin HamiltonianH = —>;J;;S; - Sj,  neighbor fit quantifies the remarkable result tiaatdi-
couples the spins at sit®; and R; by J;;. In the tional extremely long range ferromagnetic couplings are
linear approximation, the spin wave dispersion relatiorrequired. Although J, andJ; were necessary to fit the
is given by hw(q) = A + 25[J(0) — J(q)], where data, the more important correction to nearest-neighbor
J(q) =2 ;Jijexdiq - (R; — R;)]. A allows for small coupling is/s. The long range and nonmonotonic behav-
anisotropies. The solid line in Fig. 1 is the outcome ofior of J(q) required by the data seems to rule out a simple
a fit for only nearest-neighbor interactions fér< 0.2  Heisenberg Hamiltonian.
(the cubic zone boundary occurs at= 0.5), resulting On warming, the dispersion relation uniformly softens,
in A=13*03meV and 25/, =82 * 05 meV. as can be seen in Figs. 1 and 2 for {6e0, 1] branch
Although this describes the data fgr< 0.2, the zone at 265 K. At ¢ = 0.14, near the zone center, the
boundary magnons are missed by 15-30 meV. Bymagnon peak shows no substantial changes other than
comparison, the magnon dispersion ingkBhy3;MnO;  decreasing to lower energy as temperature is increased.
(Tc = 355 K) was found to be well described by only In addition, it is resolution limited at both 10 and
nearest-neighbor interactions of similar strength [10]. 265 K. Just abovel¢, at 315 K, there is no evidence

The dashed lines in Fig. 1 are a fit to the full datafor the magnon peak as expected for the long-wavelength
set including up to fourth neighbor interactions, result-excitations. As the Brillouin zone is traversed (Fig. 3),
ing in A =02 = 0.3 meV, 25J;, = 5.58 = 0.07 meV, magnon lifetime effects become apparent. In particular,
28J, = —0.36 = 0.04 meV, 25J; = 0.36 = 0.04 meV, on approaching the zone boundaryéat= 0.5, the 10 K
and2SJ, = 1.48 £ 0.10 meV. This accurately follows linewidth is substantially larger than the experimental
the dispersion except near tii6,0,1] zone boundary, resolution width. On warming to 265 K, the deconvolved
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served (not seen in the europium chalcogenides) requires
a large J4, while J, and J; are relatively small. De-
spite the large difference ific for EUO (T¢ = 69.2 K)

and EuS T¢ = 16.6 K), the low frequency spin stiff-
ness, magnon bandwidth, arit are self-consistently
related via simple mean field theory. Comparison of

the two manganite samples wiffy = 355 K and7T¢ =
301 K (Fig. 1) shows that at low energy, the magnon
dispersions are almost identical, while the zone bound-
ary softening of the lowef'- sample results in a31%
decrease in the magnon bandwidth froni08 meV to
008) ~74 meV. Although La;Phy3MnO; is roughly con-
o sistent with mean field theory, with decreasifig this
FIG. 3. Magnon line widths in th§0, 0, 1] direction extracted  breaks down because the spin stiffness does not dimin-
from Gaussian fits with a sloping background. The solid andsh__the additional exchange constants have been exactly
dashed lines are guides to the eye. balanced by a reduction in the effective to give the
same low frequency spin stiffness.

widths, which we quote as full widths at half maximum The spin dynamics of both EuO and EuS have been
throughout this paper and its figures, are nearly doubledextensively studied [18,19], and the damping n&arin
from their 10 K value of84 = 0.5 meV to 13.2 =  both cases was observed to vary consistent with predomi-
1.9 meV. Again, at315 K > T¢, no obvious magnon nant magnon-magnon damping [20,21], with the linewidth
peak remains. I varying asl’ « g* In*(kgT /hwg) for hwq < kpT, and

An important issue to address is the role of the magl « ¢* for fiwq > kgT. Although theoretically valid
netic Pr ions, which display the crystal electric field (CEF)only in limiting extremes, and fofa,q)> < 1, I'(¢) was
level shown in Fig. 2. A recent powder neutron diffrac- observed to rise smoothly acro#svg = kg7 in EuS.
tion study of a manganite with similar Pr concentrationBy contrast, we have observed the lack of;adepen-
observed a refined ferromagnetic moment~ai.5uz at  dence near the zone boundary #or> 0.35. At present,
low temperature [14]. Thus the proper description of theit remains unclear whether our results indicate another
total spin system involves a two component non-Bravaismportant damping channel (quasiparticles, lattice dis-
lattice. A bound on possible Pr-Mn interactions can betortions), or whether a revised spin wave theory which
placed by examining the crossing of the CEF level andakes account of the unusual spin wave dispersion for
the magnon dispersion, for example ngar= 0.2 in the  Pry63SKh37MnO; is sufficient.  Finally, in both EuO and
[0, 0, 1Tbranch. Even for weak coupling, this region is sus-EuS, at short wavelengths, a magnonlike peak was ob-
ceptible to the effects of mixing due to energy degeneracyserved far abové¢, whereas we did not observe such a
Experimentally, we find that the CEF level varies smoothlyfeature just abov&( in Pry3Sr 37MnO; for any £ in the
through the crossing of the magnon branch without disperf0, 0, 1] branch.
sion. The integrated intensities of both the CEF excitation We now discuss possible explanations of our results.
and the magnons show no anomaly at their crossing, and/ithin a Stoner model, the conduction band in the ferro-
in particular, the observed magnon linewidth presented imagnetic state is exchange split into a majority and mi-
Fig. 3 shows no feature at the crossing. Also, the magnonority band. The magnon dispersion enters the Stoner
dispersion passes smoothly through the CEF level just asontinuum at finiteg and », where quasiparticle damp-
in Lay7Phy3MnO;, which does not contain a magnetic rareing of spin waves occurs. The ferromagnetic ground state
earth ion (Fig. 1). Thus, our experiments show no evi-of the manganite, however, is rather unique in that there is
dence for Mn-Pr coupling with an effect on the Mn spin complete separation of the majority and minority band by
dynamics. alarge/y. Thus at low temperatures, the entire spin wave

To place our study of Bg3;Sr37MnO; in proper con-  dispersion probably lies below the triplet electron-hole pair
text, it is useful to compare with more conventional ferro-excitation continuum. At temperatures approaching
magnets. Perhaps the most relevant comparison is to thmwever, the ordered moment is decreased and the carri-
europium chalcogenides, insulating ferromagnets that arers are no longer fully polarized, bringing triplet electron-
considered ideal Heisenberg spin systems with extendduble pair excitations to energies within the spin wave band.
exchange interactions (next nearest-neighbor interactionshese excitations can be the decay products of low energy
are significant) [15-17]. In EuO, botli;, and J, are  magnons, and as their probability rises with temperature,
ferromagnetic, whereas in Eu$; is a competing anti- result in temperature-dependent magnon lifetimes.
ferromagnetic interaction withf; (higher order terms are  The damping mechanism described above can be en-
negligible). Although similar to Br3;Sr37MnO; in this  capsulated in the imaginary part of the magnon self
respect, the abrupt zone boundary softening we have olenergy. The real part contains the magnon dispersion,

Energy Width (FWHM, meV)
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including its deviations from a simple cosine form. Thedence of the spin dynamics, in that the higheéstsamples
magnon dispersion incorporating the lowest order selfdo not show the strong feature ) [9].
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