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We have done inelastic neutron scattering investigations of the magnetic excitations in the ferromagnetic
Lay Bay sMnO; which shows colossal magnetoresistafi@R) behavior close tol-~350 K. We have
measured the dispersions of the spin waves aJdi0g| and[ 110] and also their temperature dependence. We
have fitted the dispersions with an effective localized spin model to get the nearest-neighbor exchange inter-
action. We have shown that the effective localized spin model is no longer valid for larger momentum transfer
close to the zone boundary at which the spin-waves show softening. Also the spin-wave energy widths are
found to be much larger than the instrumental resolution. We argue that the spin-wave softening and damping
are generic to the double-exchange ferromagnet including those withTarge
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The manganites Ln ,AMnO; (Ln = Lanthanide atom, exchange field J,/S)(S) leads to an exchange splitting for
A = divalent atom Sr, Ca, Ba, e}awith the perovskitelike the e, conduction electrons. He has also shown that in the
structurg have been the subject _of.intense investiggtior;s dygnit J,/t>1 the magnon dispersion is equivalent to that of
to their colossal magnetoresistivéCMR) behavior® |5 calized nearest-neighbor Heisenberg model. However,
LaMnG; is an antiferromagnetic insulator. Because of theghannon and Chubukbwhave discussed to what extent the
staggered arrangements of the_,2 andd,z_ 52 orbitals in double-exchange ferromagnet is equivalent to the Heisenberg

the a-b plane of the orthorhomblé’bnmstr_ucture, the Mn ferromagnet. They have argued that this equivalence holds
moments are ferromagnetically coupled in this plane. The

. ) . only at infinite S, when spin waves are noninteracting quasi-
ferromagnetica-b planes are antiferromagnetically stacked y S P 94

; . : : . particles. The interaction between spin waves in the double-
along thec axis. The evolution of the static and dynamic spme change ferromaanet is qualitatively different from that in a
correlations with doping have been well investigdtea X 9 gnetis quaiitatively di !

La, ,CaMnO; and La_,StMnO,. These systems at low Heisenberg ferromagnet, for which the spin waves are exact
ter;_p;:erature gvolve as_a{(fuxnctior?of dopingrom an insu- eigenstates of the Hamiltonian. This is due to the fact that the

lating antiferromagnetic state towards a ferromagnetic insudynamics of the bosonic spin wave modes in the double-
lating (FI) state which in turn transforms into a ferromag- €xchange ferromagnet is governed by those of the itinerant
netic metallic (FM) state. Forx<0.125 magnetic diffuse electrons. The spin excitations in the double-exchange ferro-
scattering indicates charge segregation, with interacting fefhagnet are not true eigenstates of the Hamiltonian and have
romagnetic hole-rich platelets imbedded in a hole-poor maa finite lifetime even af=0. The existence of a finite den-
trix. For higher hole doping levei>0.125 the gound state is Sity of charge carriers generates a dispersion of the spin
the ferromagnetic metallic state which shows optimal coloswaves about the ground state of the double-exchange ferro-
sal magnetoresistan€EMR) properties forx= 3. magnet. The fluctuations of the charge density generate a
The standard model, describing the ferromagnetic metalretarded interaction between these spin waves that is propor-
lic state of the manganites, is based on the double exchangi®nal to the charge susceptibility of the itinerant electrons.
mechanisti® due to the Hund’s rule coupling of electrons The magnitude of this interaction as well as its dependence
in the 3 shell. It may be describddby a ferromagnetic on momentum and frequency are very different from that in
(FM) Kondo lattice Hamiltonian of the type the Heisenberg model. Golosbalso constructed ® spin
] wave expansion for double exchange ferromagnefb=ad
_ T _YH 2 = on the assumption of a large Hund’s rule couplihg and
H= t<%g (CigCjotH.C) S 2. S0 D have calculated the corrections to the magnon dispersion law
) ) _ ~and have also found spin wave damping. The quantum cor-
under the assumption that in the metallic phase the orbitglections of the double-exchange ferromagnets are in consis-
degrees of freedom are averaged out and enter only througBnce with the earlier numerical resulfst! Recently Mo-
renormalized effective parametefsopping integralt and  tome and Furukawa have identified randomness created by
Hund's rule coupling strengtdy) of the model. Hereci,  the substitution of the divalent iofCa, Sr, Ba, etg.for a
describes the itinerargy-type electrons with spir andS  trivalent lanthanide ioriLa, Pr, Nd, etd. as the possible ori-
(S=2) is the spin of the localized,-type electrons. gin of the spin wave damping close to the zone boundary of
Furukawa calculated the spin waw&SW) excitations of this  the double exchange ferromagnetic manganites.
model in the FM phase within first order of aSléxpansion The earlier spin wave investigatidison the double-
which corresponds to a Stoner type theory where a constaeixchange ferromagnetic manganites, 2k, ;MnO; led to
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the conclusion that a simple nearest-neighbor Heisenbergrowth faces and is of superior quality compared to the crys-
model accounts for the entire spin-wave dispersion. Theals finally obtained by the floating zone method. Resistivity
authord® found that the spin-waves are well defined in theand magnetization measurements showed that the crystal has
entire Brillouin zone at 10 K. It is curious that they did not a ferromagnetic Curie temperatufg~350 K. X-ray mea-
observe spin wave damping at low temperature, althougbBurements showed that { Ba; ;MnO; at room temperature
they observed the unusual broadening of the high-frequendyas a rhombohedrally distorted perovskitelike crystal struc-
spin-waves as the temperature of the sample was raised. Thisre (space grougR3c) with lattice parametera=3.901 A
investigation was performed at a spallation neutron sourcgnd o=89.75°. In order to check the quality and mosaic
on a time-of-flight neutron spectrometer. One should nospread we mounted the single crystal on the four-circle
speak of a single energy transfer in such measurements biffple-axis single crystal diffractometer D10 of the Institute
mention the range of energy transfer which is of the order of aue-Langevin, Grenoble. The crystal was found to be of
8 meV in the typical scan shown by the authors. The lowesgxcellent quality and had resolution-limited mosaic spread.
“energy transfer” shown in the dispersion curve was about e measured the temperature variation of a few reflections
meV. The later investigations on other double-exchange fefwhich showed that the crystal has a ferromagnetic transition
romagnets  LgCaaMnOs,  PreSlhsMnOs,  and  temperature Tc=350 K and also that atT,~180 K,
Ndp 7S10.sMnO; showed the presence of softening at thel a,Ba, ;MnO; undergoes a structural phase transition to an
zone-boundary and also damping of the spin waiéS. orthorhombic phaséspace groupmma). However, in what
However, the authors of Refs. 14,15 argue, by noting thgo|lows we have treated lggBay, gMnO; as pseudocubic with
absence of zone-boundary softening and damping for a hightypic lattice constara=3.90 A. Resistivity and magnetiza-
Tc double-exchange ferromagnet o8y MnOs," that  tion measurements showed that the crystal has a ferromag-
these features are generic only to Idy-ferromagnetic man- netic Curie temperatureT~350 K. Inelastic neutron-
ganites. Here we report the spin wave investigations oRcattering experiments were performed on the thermal triple-
Lap Bay MnO; with a ferromagnetic transition temperature axjs “CRG” spectrometer IN22 and the cold triple-axis
as high asTc~350 K. We have observed both softening and“CRG” spectrometer IN12 of the Institut Laue-Langevin. In
damping of the spin waves in “higlic” LagBagsMnOs;  all these experiments the crystal was either placed inside a
even atT=1.5 K. We argue from our experimental results conventional helium cryostat or a cryofurnace with[@1]
that the zone-boundary softening and damping are generigystallographic axis vertical so that the scattering plane was
features of the double-exchange ferromagnets includinghko). On IN22 we used a vertically curved monochromator
those with high value of ¢ . and a horizontally curved analyzer PG graph®@2) crys-

Although the magnetoresistance measurements on thi@ls. The horizontal and vertical collimations were
films of LagsBay3MN0O; by von Helmoltet al*® initiated  15'-30'-60'-80' and 18-120'-120'-120, respectively. The
the interest in this class of materials, bulk samples or Sing'ﬁneﬂ momentum transfer was kept fixed to the Vah]ges
crystals of La ,BaMnO; have been much less studied =2.662 and 4.1 A* for low and high energy transfers, re-
compared to the La,CaMnO; and La_,SKMnO; sys-  spectively on the experiments with the thermal triple-axis
tems. This is probably due to the difficulty in substituting the spectrometer IN22. On IN12 we used the following configu-
relatively large Ba ior(1.75 A) for La (1.50 A) in LaMnO,.  ration: guide—vertically curved RG02 monochromator—
The phase diagram of La,BaMnO; has been studied by 60’ —sample—Be filter—horizontally curved FiB2) analyzer
synthesizing polycrystalline samplés'® and investigating crystal—open detector. The final momentum transfer was
them by resistivity, magnetization and x-ray and neutrorkept fixed tok;=1.2 or 1.3 A ™%,
powder diffraction. No inelastic neutron-scattering investiga-  Figure 1 shows a few typical contant-energy scans from
tion has been reported on 4.88a sMnO; so far. However, | a;-Ba, MnO; in the ferromagnetic ordered state at low
Hall effect and inelastic neutron scattering investigationgemperature. Figure 2 shows the dispersion of the spin waves
have been reporté¥ion a La gBay ,MnO; single crystal in La, Ba,sMnO; at 1.5 K along[100] obtained from the
(Tc~248 K) grown by the floating zone method. Neutron constant energy and also cont&tscans. The data of the
scattering ivnestigation is only a minor part of this paPer |ower energy and momentum transfer were measured on
which reports only a single consta@tscan atT=240 K. |N12 whereas those of the higher energy and momentum
From the absence of the quasielastic central peak in this scamnsfers were measured on IN22. The total spin wave energy
the authors conclude that the concentration of the localize@and width along[100] is about 35 meV. The dispersion
states in LggBa ,MnO; is markedly less than in along[100] could not be fitted entirely by a simple Heisen-
La; xCaMnO; or La; ,SMnO; and hence charge carriers berg model. If one fits the smatdj-part by
in extended states dominate the transport properties, at least
nearT. No detailed spin wave dispersion has been reported
in this paper. i

A LagBay MnOj3 single crystal of size X5X2 m
was used for the present study. The crystal was grown by th@"€  98tS A=0.20+ 0.04 meV and D=393+7 meV
flux method by S. A. Guretskii, A. M. Luginets and N. A, (7-1.U.)® or 1523 meV A%, The exchange interactiod
Kalandaand of the Institute of Solid State and Semiconductof@n P€ calculated from the relation
Physics, National Academy of Sciences of Belarus, Minsk.
The crystal has well-defined reflecting crystallographic D=872JS 3

hw~A+Dg? @
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FIG. 3. Dispersion of the acoustic branch of the magnetic exci-

FIG. 1. Typical constant-energy scans fromy gy sMnO; in tations in Lg /Bay ;MnO5 along[110] at T=1.5 K. The continuous
the ferromagnetic ordered state at low temperature at energy transurve shows the calculated dispersion from Et).by using spin-
fers(a) 6.0, (b) 15.0, andc) 20.0 meV. The final momentum tranfer wave gapA =0.20 meV and the nearest-neighbor exchange interac-
in (a) was 2.662 A'* whereas that fotb) and(c) was 4.1 A1, tion JS=5.8 meV determined alondL00] from the lowq data.
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FIG. 4. Typical constan® scan of the magnetic excitations in
Lay BayMnO; at T=1.5 K at Q=(1.55,0,0) close to the zone
boundary. The cuntinuous curve is the Gaussian fit of the data. The
full-width at the half-maximum(FWHM) of the fitted curve is 20
+2 meV which is much larger than the instrumental resolution of
about 3.5 meV indicated in the figure.

for a simple cubic lattice, wher8is the average spin of Mn
ions and a is the Mn-Mn bond distance. We geilS
=4.9 meV. If we only fit the lowg data up toq<<0.2 r.L.u.

by the dispersion valid for a simple nearest-neighbor Heisen-
berg model

hw(q)=A+4JS1-cos 27q;) (4)

with g=(q,0,0), then by fixingA=0.20 meV we getlS

=5.8 meV. Now fixing these values &=0.20 meV and

JS=5.8 meV we have calculated the dispersion which is
plotted as a continuous curve in Fig. 2. This gives a zone-
boundary energy of about 46.7 meV which is higher than the
experimental zone-boundary energy of about 35 meV. So
there is a clear softening of the spin waves at the zone
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FIG. 5. Low- dispersion of the acoustic branch of the magnetic
excitations in LgBa, sMnO; along[100] at several temperatures.
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FIG. 6. Temperature variation ¢) the spin-wave stiffness con-
stantD and (b) the energy gap\ of the acoustic mode of the
magnetic excitations in l@gBa; sMnO; along [100] obtained by
fitting Eq. (2) to the lowq dispersion data. The continuous curve in
(a) is just a guide to the eyes.

boundary. If we varyA and 4JS and fit by the least squares
the data points by Eq4) then we gefA=1.5+0.7 meV and
4JS=15.1+0.7 meV orJS=7.8£0.4 meV. The fit which

is shown by the dotted curve in Fig. 2 is not very good
suggesting that the simple Heisenberg model is not valid.
Also the fitted gapA is much higher than the valua
=0.20*0.04 by using lowg data obtained from cold triple-
axis measurements. However, the exchange interaction ob-
tained is about of the same value as that obtdihéa

Lag sPky sMNnO;. We have measured the dispersion of the
spin wave along110] with the thermal triple-axis spectrom-
eter only. The dispersion alofd10] which is shown in Fig.

3. The continuous curve has been calculated from the equa-
tion
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FIG. 7. Constant-energy scans of the magnetic excitationsjrBag ;MnO; aboveT-~350 K at(a) T=353 K, (b) T=358 K, and(c)
T=2362.7 K with an energy transfer of 0.5 meld) shows a constar® scan atQ=(0.907,0,0) aff =359 K.

with g=(0nn,0nn,0) by fixing A=0.20 meV andJS  constant D=152+3 meV A?) at low tem- perature at least
=5.8 meV obtained from the low-data alond 100]. Since  yp toT=100 K. At higher temperatur® decreases continu-

we do not have higle data alond 110] we could not deter-  oysly. Figure 6b) shows the temperature variation of the gap
mine the softening of the spin-waves at the zone boundary iR The energy gap decreases with temperature and becomes
the same way we have determined the softening aldd8]  erp atT.~350 K. The measurement &f becomes unreli-
outlined above. Figure 4 gives a .typical energy scan alple close toTc~350 K. The ratioD/kTe=5.04 A? is
Q=(1.55,0,0) af=1.5 K. The full wujth at the half maxi- rather high as is expected for an itinerant ferromagnet. The
mum (FWHM) of the energy scan is 202 meV which ratio D/kTc=3.19 and 10.1 A for itinerant ferromagnet

is much larger than the instrumental resolution of about . -~ .
3.5 meV shown in Fig. 4. This demonstrates that the spi Iron and nickel and/kTc=2.01 and 1.82 Afor localized

waves in Lg Bay MnO; are heavily damped. These resultsr}er(/c\)/magr}et EudO and tEutS , respectivy’ bbwe 350 K at
are in agreement with those obtained in other three- € performed constant-energy scans abbye: a

dimensional*15 and bilayer manganitéd:2® T=353, 359, and 363 K with an energy transfer of 0.5 meV
We have measured the logv- dispersions of which are shown in Fig. 7. All these scans showed well-

Lay /Bay MnO; at several temperatures in the temperaturélefined peaks aQ=(1+4,0,0) and small peaks aQ
range 1.5-250 K on the cold triple-axis spectrometer. We=(1,0,0). However, a consta@- energy scan atQ

have determined the spin-wave stiffness condiahy fitting = (0.907,0,0) aff=359 K, which is also shown in Fig. 7,
the data with Eq(3). Figure 5 shows the dispersions at sev-did not reveal any convincing peak structure &t

eral temperatures and the fitted curves. The resulting spirr 0.5 meV. Instead we observed continuous decrease in in-
wave stiffness constar® has been plotted as a function of tensity. It is likely that we missed the peak due to the narrow
temperature in Fig. ®. The spin-wave stiffness remains scan width chosen. The absence of the peak structure is also
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not surprising because similar results were reported decad#ésat the localized Heisenberg model is unable to fit the ex-
earlier in itinerant ferromagnet nickel and iron aboveperimental dispersion adequately in the whqleange. The
Tc. 7?8 The paramagnetic scattering seems to have ridgemagnons show softening at the zone boundary and are
like structure in theE-q plane and needs to be further inves- heavily damped for highen. The zone-boundary softening
tigated taking special care about the role of the instrumentadnd damping seem to be generic features of the double-
resolution. exchange ferromagnets including those with high value of
In conclusion, we have determined the spin wave dispert  This agrees qualitatively with the minimal double-

sions of the CMR ferromagnet paBaMnO; at 1.5 K exchange mod&f3 with quantum and thermal corrections.
along the pseudocubicl00] and[110] directions and also

their temperature dependence. We have determined an effec- We thank S. A. Guretskii for providing us with the
tive nearest-neighbor exchange constant by using a localizdday ;Bay sMnO; single crystal. T.C. wishes to thank Dr. G.
Heisenberg model to fit the data. The quality of the fit showsJackeli and Dr. N. Shannon for critical discussions.
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