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Neutron scattering has been used to study static and dynamic magnetic propertigs ,&nlMnO; with
x=0.09 and 0.125. The=0.09 compound appears as a limit case of an inhomogeneous canted antiferromag-
netic (CAF) A-type structure. Related to the mean AF medium, anisotropic superexchange integrals are deter-
mined from the measurement of a high energy spin wave branch. Coexisting with this mean state, ferromag-
netic (F) hole-rich platelets spread in the basal F plane, close to the limit of percolation. Related to these F
inhomogeneities, an anisotropic magnetic coupling is determined from an anisotropic low energy spin wave
branch. Thex=0.125 compound exhibits, beloW., a ferromagnetic and metallic phadeM). At Tq o, @
magnetostructural transition occurs leadingat F and insulating phad&l) with unusual properties: in the
whole g range, a splitting of the spin wave spectrum is observed. A large gap op€3,@8. At this point
and beyond, the energy of the spin waves locks on the phonon energy values. The temperature evolution of the
splitted magnetic modes and of the phonons is presented, with marked signatures of both transitions. These
results are discussed in the frame of existing theories.
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[. INTRODUCTION the double exchang®E) model nor by any other. To better
understand these properties, it is of special interest to study
The properties of the ferromagnetic and metaligV)  the behavior of the spin waves in manganite compounds
phase of the manganite compounds, with colossal magnevhich exhibit such a FI phase. We present here a summary of
toresistance effect§CMR), are very unusual. They are a detailed study of the spin waves and of the low energy
deeply distinct from the properties of transition metals. In thephonon branches, and their temperature behavior, in two
ferromagnetic metallic systems, the spin wave stiffness coneompounds with two limit doping rate values. The compari-
stant increases with the Curie temperatligeand with the  son betweeen both samples is very instructive. We shall
numbers of charge carriers. In the CMR FM phase of theshow that, in thexg,=0.09 compound, the magnetic cou-
La; _,Sr,MnO; manganites, whatevdr, and the amount of plings are essentially of two kinds, the first one, of mainly
doping x, the spin wave stiffness constant has more or lessuperexchang€SE) origin, associated with the mean AF ma-
the same valuéMoreover, for the compounds with the low- trix, and the second one, rather of double excha(idE)
est values ofT;, a strong renormalization of magnons nearnature, associated with the ferromagnetic inhomogeneities,
the zone boundary is observed. This softening appears t@lose to the limit of percolation. This confirms the inhomo-
gether with an increase of the damping, characteristic ofjeneous character already found in other low-doped Ca and
magnon-phonon coupling, and with a locking on a neighborSr manganite$'~> The TA, LA, LO phonons measured in
ing optical phonon branch, at low temperatar& mere this compound do not show any anomalies at the magnetic
theory of double exchandé cannot explain these character- transitions.
istics. An advanced explanation is the scattering of magnons Lag g7550 1,9MNO3, which is a limit case before the CMR
by the orbital and charge fluctuations and by the Jahn-TelleFM phase, displays, below th@T) transition temperature
(JT) phonon® The effect of an orbital liquid order on the spin T;r=280 K, first a transition towards a ferromagnetic and
wave stiffness constant, has been also considered. metallic (FM) state, aff =181 K, without any CMR effect,
Furthermore, in the low doped systems, the delicately balthen, a magneto-structural transition into a ferromagnetic and
anced interplay among charge, lattice, orbital, and spin deinsulating(Fl) state, afl o/ o»=159 K, with peculiar proper-
grees of freedom produces amazing properties. When longdies. This FI phase is characterized by a jump in the magne-
range Coulomb interactions are considered, aization and by the occurrence of superstructure pé&K$.
microscopically charged inhomogeneous state is predicted.his study, by means of neutron scattering, reveals, at the
Among numerous theoretical works on those topics, sesame time, lattice and magnetic dynamical signatures of both
Refs. 7-10. These models can explain the inhomogeneodsw temperature transitiong,c andTq/o». In the FI state,
canted antiferromagneti€AF) state found in the manganite we find a splitting of the spin waves, an opening of a gap at
phase diagram in the low doping rate range. But the occurg=(0,0,0.5 and a locking of the spin wave energy on the
rence of a ferromagnetic and insulatifff) state in the phase energy values of phonons. In the FM phase, the high energy
diagram, just between the CAF state<{®<0.1) and the level magnons vanish while the low energy level ones are
FM CMR state §=0.17), has not been predicted neither by still measurable. Note that, in basSrp 1gMN0O;, at low tem-
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perature, a gap in the spin wave spectrum, has also been
previously reported®

[001]

II. EXPERIMENT

Single crystals of La ,Sr,MnO; with x=0.09 and
0.125, with a volume of about 0.5 émand a 0.6° mosaic
spread, were grown by the floating zone method in an image
furnace. This technique has been fully described in Ref. 20.
The stoichiometry and the single phase quality of the
Lag 575515 1.9MNO; compound, was checked by diffraction
measurements, on a powder obtained by grinding a small
part of the single crystal. Each sample was mounted on an
aluminum block in a double stage helium closed cryogenera-
tor. The temperature regulation is driven by a digital tem-
perature controller and the stability is better thaf.03 K in
the whole temperature range.

Neutron scattering experiments were performed on triple
axis spectrometers installed at either thermal or cold neutron
sources at the reactor ORPHEE of the LaboratoirenLBril-
louin. These spectrometers are equipped with vertically fo- FIG. 1. Scheme of the structure of 13SrLMnO; with x
cusing monochromators. For elastic and diffuse scattering0.09 and 0.125. Only Mn ions are represented. The orthorhombic
measurements, flat ana|yzers were used. We selected an Wit cellab,c, is shown in relation with the small perovskite cube.
cident neutron beam, with different wave vectors and appro@o is the edge of the cube. Reduced coordinates of a wave v@ctor
priate filters, following the required resolution. For inelas-  (Qn:Qk+Quonno=(Qn . Qk . QU)au follow the relations Qy
tic neutron scattering measurements, an horizontally= 0-5(Qu—Qk), Qk=0.5(Qu+Qx), QL=3Q¢ .
focusing analyzer was chosen in order to increase the signal.

At low temperature, positive energy transfer scans were pethe perovskite cubeay,=3/abcd4, gives a~agy2, b
formed at constant scattered neutron wave vektowith  ~ay\2, c~2a,. The axesa andb correspond to the diago-
adapted filter in front of the analyzer. Different final wave nals of the face of the small perovskite cube. Reversely, the
vectors  k=2.662 A71, k=197 A7t k<155A"1)  direction [1,1,0]omo in the orthorhombic notation, corre-
were selected according to the energy ranges of the study. Afponds to the edge of the perovskite cube. Tlagis has the
spectra are analyzed by the same method. They are describsaime directior{0,0,1], in both symmetry : cubic or ortho-
as the sum of several components, convoluted with the inthombic. The orthorhombic parameters at low temperature
strumental resolution functioR(Q,w): a & function for the are  for  Lg St oMNO;, a=5.53 A, b=562A,c
elastic incoherent scattering and Lorentzian laws for the in=775 A and for LggsSty1,Mn0O;, a=5.52 A | b
elastic part. The measured intensity at each point of a scar554 A, c=7.80 A . It appears that the orthorhombicity
then reads of the last compound is very small. However, for the sake of
a general coherence, we UQe= 7+, with 7 defined in the
1(Qq o) = f R(Q—Qp,w— wo)S(Q,w)[1 orthorhombicPbnm indexation for both compounds. The
crystals were aligned with an horizontal scattering plane de-
+Nn(fhw)]d3Qdw fined by the orthogonal directiong110] and[OQl], parallel
to two orthogonal edges of the small perovskite cube. As an
with n(%Z w), the Bose statistics and with effect of the Jahn-Teller structural transition, the crystals are
twinned. The consequence for neutron scattering experi-
C, ments is explained in the Appendix at the end of the paper.

(0—w1)?+T1(q)?

S(Q,w)=Cyd(w)+

Il La .91SrgodMnO 3
G,

t— PR Lag 9:Sf.0gMINO;3 is located in the phase diagram just at
(w—wy)“+T',(q) -2 s . .
the limit of the vanishing of the canted antiferromagnetic
The intensity of the various modes reported in the differenistate(CAF).?! The study of the intensity of Bragg peaks has
following plots, corresponds to their energy integral. Belowallowed the determination df) the ferromagnetic transition
the Jahn-Teller high temperature transition from a nearly cutemperaturel .= 138 K and(ii) the CAF transition tempera-
bic phase, the two studied crystals exhibit, at low temperature Ty=120 K and the value of the canting angle at low
ture, an orthorhombic structure witflPbnm symmetry temperature: 56°. (90° corresponds to the full ferromagnetic
(c/\J2<a<b). The orthorhombic unit cell, with only man- ordering) The comparison with Lg.St odMnO; reveals an
ganese ions, is represented on Fig. 1. The relation betweeavolution of the magnetic features: the occurrence of a fer-
the orthorhombic unit cell parameters and the mean edge sbmagnetic phase between 138 and 120 K and a step increase
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. . FIG. 3. Higher panel: Dispersion curves of spin waves of the
of the canting angle(the value is only 13° for xs,=0.09 compound, propagating alofi,0£] (left pane) and
Lap 94515.08MINO3) . along[ ¢, &,0] (right pane). The inset shows the dispersion along
The study of the diffuse scattering around th&0 Bragg  [0,0¢] of modes taken at0.15,0.15) (empty symbo), and at
peak shows a symmetrical modulation at low temperatureo.2,0.2¢) (full symbol), respectively. Solid lines are the fit of the
(Fig. 2, as already measured in low Sr- or Ca-dopedspin wave dispersion laws, broken lines represent the phonons mea-
manganites!*2This can be pictured by a liquidlike distribu- sured at room temperature and at la@evalues. Lower panel:
tion of ferromagnetic droplets with a net magnetization alongexamples of spectra taken, respectivelyQat(1.25,1.25,0 and at
the c axis. A rough fit of the diffuse scattering with a Gauss-Q=(1.5,1.5,0. On each spectrum, the mode measured at small en-
ian and a Guinier law gives a characteristic size of about 32rgy belongs to thg001] direction of domain 2 which is superposed
A and an average distance between the droplets of about 3% the [1,1,0 direction of domain 1 due to the twinnin¢see
A . This means that this sample is closer to the percolatioffig. 12.
threshold, at least in the basal plageb), than the sample ) ) ) _ )
with xs,=0.06. As this crystal is twinned, the anisotropy of antiferromagnetic, coupling the AF ions along thexis J,
the droplet shape could not be determined as done in the case— 0.2 meV. The low energy branch, with a small gap of
of an untwinned crystal of LSt odMnOs.** We explain 0.14 meV, appears also very anisotropic. It is worth noting
these ferromagnetic inhomogeneities by a charge segregHiat the low energy branch has measurable intensity in the
tion, the ferromagnetic droplets being hole-rich and the relow g-value range alond110], only around the K110
maining AF matrix being hole podt:*? This may remind Bragg peak, while, in the same g-range, the high energy one
large magnetic polarons theoretically predicted in similaris only measured around the AEL1) Bragg peak. Moreover,
systems. it is clearly seen, on Fig. 3, that this low energy branch
Associated with this peculiar modulated ground statemerges into the high energy curve just beyomd
made of two interconnected magnetic media, two spin wave= (0.2,0.2,0). A detailed study of the dispersion of the mag-
branches with two distinct gaps are measured by inelastietic modes along=[0.15,0.15,{] andq=[0.2,0.2,{] has
neutron scattering at low temperature: one, in a low-energgllowed to precise the nature of the dispersisee the inset
range and the second, in a higher-energy domain, as in tHf Fig. 3. The first mode, very dispersed alop@0;], be-
pre\/ious|y studied |OW_doped systenxg.,.= 0.05,0.08 Xg, Iongs to the low energy branch, while the weak dispersion,
=0.06113-15The spin wave dispersion curves are reporteclong the same direction, of the second one, is well ex-
on Fig. 3. On the same figure, in the lower panel, two spectr®lained by the value of the AF superexchange coupling
from the high energy branch are shown at spe@ialalues  Finally, this low-energy branch is well described by the fol-
for a future comparison with the compound lowing quadratic dispersion law w=0.14+D,,[q;+q;]
Lag g7:S1p.12Mn0O5. The high energy branch with a large gap + Dy d,d,+ quz]+Dzzq§, with D,,=48 meV A2 D,,
of 1.82 meV is well understood in the frame of a Heisenberg=25 meV A? andD,,=16.7 meV AZ. We recall that in the
model. Two superexchange integrals are determined: on@ure LaMnQ, a single anisotropic spin wave branch is ob-
ferromagnetic,J;=1.15 meV, coupling first Mn neighbors served, related to anisotropic SE. On doping, in addition to a
in the basal planéa,b), the second one, very much smaller, similar anisotropic spin wave branch as observed in pure
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LaMnQ,, a second spin wave branch, in a lower energystructure is not yet fully solved. However this structure is
range, appears. In Ref. 15, a general evolution with the Caknown to be triclinic>* But, owing to the resolution of neu-
doping rate, of the characteristic magnetic parameters ddton spectrometers, the mean structure of this FI phase can be
scribing both dispersion branches has been reported. THéescribed by the Pbnm symmetry.

present new results concerning the compound with
=0.09, complete very well the previous worKs.

The originality of these results is that they emphasize a
new step in the ferromagnetic state, in the basal plariz. The phonon dipersion curvedA, LA, LO) have been
The comparison of the present findings with those obtainetheasured at several temperatures al¢8@1] [Fig. 4(b)
in the compound Lgy Sty 0gMNO3, are summarized as fol- diplays the curves at 14 Kand at room temperature and 14
lows. The high-energy magnon branch displays the same gag, along[100] (Fig. 5 right panel diplays the curves at room
and determines two exchange integrals varying smoothlytemperature The TA, LA, LO branches look similar to those
linearly, with the doping rate, as predicted by Feiner and measured in Lgg:SihodMnO; and similar compound®. At
Olés?? Concerning the low-energy magnon branch, a drasticoom temperature as at low temperature in the FI phase, they
change is observed. In the compound, 81, (dMNO;, its  reflect the perovskite cubic structure. In particular, along
dispersion is isotropic, with an intensity which falls down [001], no folding is observed due to the new superstructure
with increasingq vector in the basal plane, which makes Bragg peaks (0,02+1) and (0,0 +0.5). However, an-
measurements very difficult. In bg;Sr, o gMNO3, this low-  ticipating the results displayed in the next section, we men-
energy branch appears very anisotrofsiee the above dis- tion that anomalies occur in TA and LA frequencies, at both
persion law. In the basal plane, this ferromagnetic couplingtransition temperatures, peculiarly g (000.5.
strengthens, suggesting that the system is very near to the By contrast, the spin waves in §.g7550p 12dVINO5 exhibit
percolation thresholdInterestingly, this peculiar spin wave an important change with respect to the spin waves deter-
branch merges into the spin wave branch related to the SEined in Lgo:SihodMnO3. In a Fl phase, one should have
coupling, close t@=(0.25,0.25,0), where a large gap opensexpected an isotropic ferromagnetic couplifwj DE or SE
in the spin wave spectrum of the compoundorigin) leading to a single spin wave dispersion law
Lag g7:51h 1.9MN0O3. ] By contrast, along the axis, this type A w(meV)=4J§1— cos (2r{)]. Instead of that, at 14 K, a
of ferromagnetic coupling cannot develop due to the persistcomplex spin wave curve, is measured, splitted in the whole
ing AF order. Similar results have been found recently in theq range. In spite of this apparent complexity, interesting fea-
Xca=0.10 compound?® tures appear both in the variation of the enetgfyy) and in

Finally, for a comparison with the study of the the intensityl (q) at specificq values in direct relation with
Lag 7551 1.9MNO5; compound, described hereafter, wherethe new superstructure Bragg peaks, characteristic of this Fl
magnon and phonon anomalies are revealed, the acoustitiase. The spin wave dispersion curves propagating along
(TA, LA) and the lowest longitudinal opticdLO) phonon [001], at T=14K are reported in Fig. @), using solid
branches were measured. Measurements at room temperatiegnpty symbols for mainminor) intensity. The correspond-
are reported on Fig. 3 as broken lines. Here, as in the foling evolution of the intensity, along01], is plotted in Fig.
lowing, we benefit of the selection rules for neutron scatter4(c).
ing, to separate phonon from magnon measurements. The We describe now the spin wave dispersion curves from
range of the energy values of phonons is similar to that ofj=0 to the zone boundary of the cubic structure.
spin waves. The temperature study of the phonon modes at (i) In the range (000X Q< (002.225), at smalj values,
Q=(0,0,4.9, for example, does not reveal any anomaly at(000)<q<(000.225), this dispersion curve appears splitted
Tc or atTy; in particular, the phonon energies remain con-into two curves, when measured with an appropriate resolu-
stant with temperature. Finally, at room temperature, an imtion. As an example, a spectrum measure®at(0,0,2.2 is
portant quasielastic scattering reveals that large magnetghown in Figs. 4) and 4e). An improvement of the fitting

A. Phonons and Spin waves at 14 K

fluctuations persist. process by a factor 3, is obtained when the spectrum is fitted
with two modedFig. 4(e)] instead of one modgFig. 4(d)].
IV, LA 57510 1MNO 5 Fitting these smallg dispersion curves with thev=w

+Dg? law, two distinct gapsw, (0.2 and 0.33 meV) and

Lag g7551.129MN0O;3 undergoes two low-temperature phasetwo distinct isotropic stiffness constant® (56 and
transitions revealed by magnetization and resistivity meag9 meV A?)are determinedlsee the inset of Fig.(4)].
surements. Below the ferromagnetic transition,Tat, the (i) At Q=(002.25 and beyond, the splitting becomes
resistivity first decreasesinsulator-metal transitionand  much larger and the locking of the spin wave energy on the
shows an upturn belowWq: o'’ concomitantly with a step phonon ones is obvious. Arour@,=(002.5), a wide gap
increase of magnetization. The transition temperatures, detespens with a bending of the lower energy spin wave branch.
mined from Bragg peak intensitie200) for T, superstruc- The two energies defining this gap precisely correspond to
ture Bragg peaks (0,0¢2-1) and (0,0¢ +0.5), forTg/ o], that of TA phonon for the lower one and to that of LA pho-
agree well with those found in the literature, Refs. 16—18:non, for the upper one, with nearly equal intensifiese Fig.
Tc=181 K andTq/or=159 K. Below Tq/or, the orthor-  4(c)]. The corresponding spectrum shown in Fig(l@wver
hombicity strongly decreases and the three characteristigane) which exhibits two modes in the 5-15 meV range,
Mn-O distances become very close to each other. The precisan be interestingly compared with the spectrum taken at the
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FIG. 4. [001] Direction. (a)
Magnetic excitations along (002)
<Q=(003). (b)Phonons along
(004)=<Q=(005). The solid line
from 0 to 23 meV represents a fer-
romagnetic spin wave curve with
Jer=1.45 meV(see text The er-
ror bars are smaller than the size
of symbols. @) TA branch was
measured along 22/]. (@®)LA
branch, @&)LO branch. Broken
lines represent best fits of phonon
curves, The inset displays the
splitted magnetic branche&) In-
tensities of the spin wave modes.
The symbols are the same as in
(a). The arrows indicate the value
of Q where intensities cross. The
lower panel displayqd) a spec-
trum at Q=(0,0,2.2 [or
(0,0,1.1),,4, fitted with one mag-
non mode ande) the same spec-
trum fitted with two modes.

disappear upon increasing the temperature towaggls,:,

pane) where a single mode is observed in the same energihey have a magnetic character, characteristic of the FI

range.

phase.

(iii) At and beyondQ,=(002.5), the energy of the mag-
netic modes with main intensity, locks successively on threenergy and intensity of the spin waves, reveal specic
levels: from the values of the energy of TA phonons, to thevalues, around (002.25), (002.5), (002.75), in direct rela-
values of the energy of LA phonons, and on the values of théion with superstructure Bragg peaks associated with new
energy of the lowest LO phonons. As displayed in Fig)4 periodicities, &, for the Bragg peak at (0@2-1), and 4,
the transfer of intensity between these levels occurs arounfdr the Bragg peak at (@0+0.5). In particular, the bending

Q~(002.5) andQ~(002.75). Similarly toQ,=(002.5), a

e26,27

To sum up, alondg001], the anomalous variations of the

at (002.5) could reflect a tendency to a folding of the spin

small tendency to a bending of the spin waves close to LAwave curve due to the ne(@03) zone center. By continuity,
occurs alQ~(002.75). Finally, spin wave modes with maxi- the abovementioned splitting observed at lgvmay proceed
mum intensity determine a ferromagnetic spin wave disperfrom the same physicéln particular, it should not be related

sion law# w(meV)=4J49 1— cos (27¢)] with an effective
first neighbor exchange integrdls=1.45 meV [see solid

line in Fig. 4@)]. In the range (002.53 Q<(003.5), around
25-30 meV, we mention additional modes, with a poor in-served alond100] (Fig. 5, left panel. At small g values, as

tensity. They define what is called an extra brafEB on
Fig. 4@)]. As they are not detected at larger valueQpaind

to the superposition of two directions because of the twin-
ning.)

(iv) A similar splitted spin wave dispersion curve is ob-
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line from O to 45 meV represents a ferromagnetic spin wave curve o
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curves at room temperature. z
500
same modulus ag,=(0,0,0.5), the opening of a gap occurs.
A progressive transfer of the intensity is observed from the
low energy level to the upper one till the zone boundary. The
magnetic modes of maximum intensity also follow a disper- a 0
sion law with nearly the samé.; coupling as that deter- g 1200
mined in the[001] direction. However, we must underline <
: £
that the splitted energy levels do not correspond to phonon 2 800
ones as well as they do alop@01]. Especially, near the zone o
boundary, no locking on a phonon value is observed since g 400
the next optical phonon branch lies at much higher energy § 0
than the energy of the spin waves. 2

Energy (meV)

B. Temperature behavior of spin waves and phonons FIG. 6. Temperature evolution of the spectrum measure@ at

The temperature evolution of these excitations and their (002.5)[or (001.25),,], at five temperature values. Dotted lines
comparison at differen@Q, and especially at equivalemt represent distinct resolution-convoluted modsse text
=Q-— 7, are crucial to know their magnetic or phononic na-
ture. Due to the magnetic form factor of Mn ions and the (i) Q,=(002.5). The energy-spectra measured
selection rules of the neutron scattering cross section fo&(002.5), and at different temperatures, are reported in Fig.
phonons, magnetic modes are better measured at €nall 6. The temperature evolution of the energy and of the inten-
and phonons at largerQ. We have studied many sity of these two modes are reported in Fig. 7 with solid
points along the[001] direction: Q=(0,0,2+¢) with {  symbols.
=0.2,0.5,0.75,1Q=(0,0,4+¢) with ¢(=-0.55/-0.5, As mentioned in Sec. IV, at low temperature, the energy-
—0.45,0.5, and along tH4.00] direction:Q=(1.35,1,0) and values of the two modes defining the gap, are the same as
Q=(1.6,1,0). In this paper, we shall focus on three peculiathose of TA and LA phonon modes. With increasing tempera-
Q values alond0,0,1] which are superstructure Bragg peaksture, the mode located at the LA value has a slightly decreas-
in the FI phas¢(0,0,2.5, (0,0,4.5,(0,0,3] and on one value ing energy value, then it vanishes B$.o». The lower en-
along[1,0,0, Q=(1.35,1,0. ergy mode keeps the TA value up T, o» Where it starts to
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0 50 100 150 200 250 300 (i) Q=(004.5. A similar temperature study has been
80 —g— : . achieved atQ=(004.5. As this Q value is larger tharQ,
Q=(0,025) =(002.5), we can think that, at this point, we are measuring
0r e ] rather phonons than magnons. Figure 7 summarizes the val-
2 60 L Q=(0,0,4.5) b ues of the energy and of the intensity of the motaspty
El symbolg, versus temperature, and displays an interesting
'§ 50 comparison with the behavior of the modes measureggat
= a0 =(002.5) (full symbols. Figure 7a) shows a slight harden-
'z ing of the energy of the TA and LA phonon modes, with
< 30 decreasing temperature from room temperature, as usual.

From T down to Tg/or, in the intermediate FM phase,
significant softenings are measured on both phonon modes,
of ~12% for TA and of~8% for LA. Then, a little harden-

ing is again observed down to low temperatures where, fi-
nally, the energies of the phonons are the same as those of

I
B e e o @ﬂ__%é@@ """" o the magnons. A signature of both transitions is also seen on
12 —\ L their intensities[Fig. 7(b)]. Upon decreasing temperature
a) from room temperature value, the intensity of the two modes
10 = ] remains rather constant, then it starts to increaskcaand
s shows an abrupt increase with a kind of inflexion point
v 8+ — . L
g el aroundTq.or, before its saturation, at low temperature, at a
B ¢l TA | value greater than the value measured at room temperature.
g .(-. This variation can be explained by the superposition of a
gl i magnetic contribution below., since the square magnetic
form factor of Mr? ™ is only 2.5 times smaller &004.5 than
2 - - ] = at (0025
5.Q=0,045) g Q=(0,0.2.5) The softening of the LA and TA modes, in the intermedi-
0 : : : . : ate FM phase, while concomitantly the magnetic mode mea-

0 50 100 150 200 250 300
Temperature (K)

sured atQ=(002.5 hardens, suggests a peculiar magnon-
phonon coupling. The coincidence of the value of the TA and
LA energies with that of the magnetic modesx+(0,0,2.5,

ain the FI phase, is hardly believed to be casual. However, we
thust underline that, contrary to the usual magnon-phonon
coupling?® in the present case, the damping of magnons and
phonons remains small. For the LA and TA phonon modes,
the damping constart varies from~ 2.4 meV at room tem-
decrease. It softens tilfc where its intensity is maximum. perature, to~1.6 meV at low temperature. Polarized neutron
Beyond T¢, the softening becomes more abrupt and theexperiments are planned to elucidate this important question.
mode merges into the quasielastic scattering. At room tem- (iii) Q=(003). This point, which is also a superstructure
perature, quasielastic scattering is still observed, indicatin@ragg peak, plays essentially the role of the zone boundary
large magnetic fluctuations. As no phonon is measured at thi®r the magnetic excitations. The temperature evolution of
point, at room temperature, we conclude that, despite theithe spectrum measured @=(003) is shown on Fig. 8. The
energy values close to TA and LA phonon values, bothenergy values and the intensities of the modes are reported
modes are magnetic. However, may a phonon, not measuon Fig. 9. The signature of both transitions is essentially
able at room temperature, appearTat, dressed as a mag- visible by an abrupt change in the intensity of the modes and
netovibrational(m.v) mode? A look on the expressions of not in their energy values which are nearly temperature in-
(dza/deE’)EQh and of d%?¢/dQdE’"),,, in Ref. 28, shows dependent. On Fig.(8), the spectrum at 14 K consists of
that if we cannot measure a given mode as a pure phonothiree modes centered successively on the energy values of
we could not measure it as a magnetovibrational mode belowhe LA, LO phonons and on a higher energy-value associated
Tc. But the main argument is given by a recent experimentwith the extra branch EBsee Fig. 4a)]. The maximum of

We could check the nature of these excitations in an experintensity is on the LO value. ATq/o, [Fig. 8(c)], the EB
ment under a magnetic field applied along theis, parallel mode vanishes whereas a small intensity appears on the TA
to Q,. Considering the magnetic geometrical factor of thevalue. The intensity now is distributed on three energy-
magnetic inelastic neutron scattering cross secfidhe in-  values corresponding to TA, LA, LO phonon energy values,
crease of the intensity &,, under the magnetic field, re- with the main part centered on the LA value. Fraig: o~ to
veals the mainly transverse character of the spin excitationd.c, the magnetic intensity on the LO energy value decreases
In particular, it rules out a possible interpretation in terms ofand is progressively transferred to the LA level, while the
magnetovibrational modes with a longitudinal charatter. mode locked on the TA value remains visible in the whole
This will be published elsewhere. FM phase. AfT, both modes at TA and LO values vanish,

FIG. 7. Temperature evolutiof@ of the energy values an(h)
of the energy-integrated intensity of the modes measured
Q=(002.5 [or (001.25),,], (full symbolg and atQ=(004.5 [or
(002.25),,1] (empty symbols Broken and solid lines are guides for
the eye.
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Energy (meV) 0 50 100 150 200 250 300
1504 8 12 16 20 24 28 32 36 35 | ] , | |
T T T L T S T ]lvl 6 Py
" L T .30.375 Foas ' M, - 30 o TA I,’I‘ Q=(0,0,3)
g X Q =(003) 2 - _e--LA :\.
«AE 100 —v'_ ; 25 - --8--LO : ‘\ b) N
g S "EB .
o = o
= / n ! \
g n ) N, _ S 153 _ T . -
3 50 )\ g ‘\~__|3—' [{!#I \\
z =10 - O Fgy oot
L~ I N o« e o b
04— ——+— She e R il
; 250 Lao.s7sgro.125Mn03 c) 30 | | | | !
2 [Q=(003) i e oy
E 200 ° ® 25 L EB Q=(050a3)
e =
© 150 - o Hh
= s 20 L . LO i
z 100 g §"""5es o---o®__ e
z > 15 “ . h
0 g 10 - .
140 s TA
% 120 )
:: 100 0 | | | | !
2 380 0 50 100 150 200 250 300
°
= 60 D Temperature (K)
;5; 40 FIG. 9. Temperature evolution of the modes determined at
Z. Q=(003 [or (001.5),4]. (@ Energy values(b) Intensity values;
20 note the jump of intensities of LA af: and of LO atTqg/gr-
0 Dotted lines are guides for the ey@A, LA, LO mean magnetic
140 modes close to TA, LA, LO phonon energy values, respectively.
w2
g 120 - Since at 14 K the same intensity is measured for this mode,
£ 100 one concludes that, also at low temperature in the Fl phase, it
2 80 is a pure LA phonon.
&) In conclusion, atQ=(003), the main results are the LA
g 60 phonon mode is the alone mode measurable at any tempera-
§ 40 ture. In the FM phase, a spin wave mode is superposed at the
4 same energy value, it vanishes in the Fl phase. At 15 K, the
20 spin wave mode is essentially located at LO phonon value
0 [H N I S O N and, to a lesser extent, on the EB branch. Again, in the in-
4 8 12 16 20 24 28 32 36 termediate FM phase, only the modes of lower energy
Energy (meV) mainly remain. As atQ=(002.5, the transition atTq/qn

3Irom FI to FM phase, can be seen by a step variation of the

FIG. 8. Temperature evolution of the spectrum measured . .
intensity from the highest energy levels to lower energy lev-

Q=(003) (or (001.5),,, at four temperature value&)T=14 K,
(b) T=150 K, (c) T=160 K, (d) T=190 K. Broken lines represent €IS- _
distinct resolution-convoluted modésee text [The small peak at (iv) Q=(1.35,1,0. A same temperature study is per-
8 meV in (a) and (b) is a spurious effect due to tHe03 Bragg formed in the[100] direction (face diagonal of the small
peak] perovskite cubg especially afj=(0.35,0,0. The spectra are
reported on Fig. 10. They show the same features as the
while the intensity of the mode at LA value, reaches itsspectra taken along tHO01] direction at(002.5. The tem-
maximum. Finally, at 190 KFig. 8d)] as at 300 K, the perature behavior of the corresponding energies and intensi-
energy spectra, very similar, consist of two modes, a quasiies are reported on Figs. . and 11b). At very low tem-
elastic one, magnetic, and a collective one, which correperature, the inelastic part consists of two modes. Unlike the
sponds to the pure LA phonon, with a rather small intensitycase of thg001] direction, the values of the energy of both
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0 5 10 15 20 25 100 . , .
},I T T T T b)
'/if\:l LaOB7ssr0.125MnOS T 80 I Q=(1.35,1’0) ' ’\‘\ )
S00E % Q=113510) z 60| 1y
YN ’ 2 .
o /,\’\,,\ \ T=185 K 5 q
HS NN ) é SN
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> 101 é\Q\ ]
- 2 ¢
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S
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FIG. 11. Temperature evolution of the modes determined at
Q=(1.35,1,0 [(or (0.175,1.175,0)y]. (@ Energy values. Note
that they do not coincide with LA and TA phonon values at low
500 temperaturgsmall thin lines, as well as along001]. (b) Intensity
L values; note that, in th&, on<T<T( range, the intensity of the
i low energy mode M) increases while that of the high energy mode
(@) vanishesA represents quasielastic intensity. Dotted and solid
lines are guides for the eye.
0 6‘ 5 10 1'5 2'0 2'5 precisely, the transition a8y, o appears driven by the hard-
Energy (meV) ening of the magnon and the softening of the TA phonon

energies at000.5, and occurs just when both energies are
FIG. 10. Temperature evolution of spectrum measure®at €dual. Slm_llar anomalies of the spin wave spectrum and the

=(1.35,1,0)[or (0.175,1.175,0),]. Broken lines represent distinct Same locking of the magnon &00.9, on TA phonon en-

resolution-convoluted moddsee text ergy, are also found in the FI state of Ca-doped manganites,

o with xc,=0.201>%
modes do not exactly coincide with the values of the energy

of TA and LA phonongFig. 11(a)]. As observed along01],
with increasing temperature, the upper mode keeps an almost
constant energy value and vanishesTator. The lowest At the doping ratexg,=0.09, the new result concerns the
energy mode renormalizes and, aboVg: o, in the FM  low energy spin wave branch, observable here, in a wjide
phase, is only observed together with a growing quasielastitange with an anisotropic dispersion. Although two spin
scattering. Then it disappears®&t . wave branches are expected in a canted antiferromagnetic
To summarize the overall results, three essential feature€AF) state, their characteristics as well as thenodulation
can be underlinedi) In the FI phase, the spin wave spec- observed in the diffuse scattering, still agree with the picture
trum is splitted in the whole range. The magnon energies of an inhomogeneous state: a mean AF, hole-poor state, co-
lock on the TA, LA, LO phonon energy values, especially existing with a liquidlike order of hole-rich ferromagnetic
along the[001] direction. (i) In the FM phase, at any  clusters, as in the other low-doped compoutdg.At xg,
value, only the lowest energy modes keep magnetic intensity= 0.125, which corresponds to the occurrentend- state,
(iii) Anomalies are measured in the acoustic phonon modethe anomalous spin wave spectrum may indicate also a non-
at the superlattice poin®000.5, at To o» and atT. More  uniform charge distribution. As we measure two spin wave

C. Discussion

214430-9
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stiffness constants, at smajivalues, i.e., on a wide scale in 001l
. . . . . —/ [110] _.
the direct space, we can imagine that this Fl phase is made ¢ ¢/
two interconnected Mn ion subsystems, with different spin : /‘ ------

and charge, likely associated with some new charge and or
bital ordering'®3! A charge segregation has been also pro-| 1] L Yy,
posed in this F state by Moreet al® Since at and beyond || ¢l./ ), e / T
q=(0,0,0.5), the splitted energy values are close to those o$—= e a
the phonons, it can be speculated that this FI phase is als| € —* [110]
stabilized by an elastic strain field resulting from a spin- |,

lattice coupling, although different from the classical T g
magnon-phonon coupling A different explanation has been [ . Pomain 2
suggested recentf§, considering the effect of randomness

induced byA-site substitution, in the CMR FM phase of [110]
manganites.In this model, strong anomalies were found -
in the spin wave spectrum with the opening of a gap, at a i
peculiarg value, which scales with the Fermi wave vector. >
This feature is associated with an inhomogeneous charge dis 5
tribution induced by the impurities. To apply this theory in /i 7_<
the present case, we should speculate that a Fermi leve : / 11,01
could be defined, and, at least on some short range, one ¢ L :

the two magnetic subsystems should have metallic proper V

\ 4

C [001]

”*

ties. As suggested in Ref. 32, th@nomaly should vary with
the doping. Experiments on the=0.15 compound? show
that the gap anomaly persists at the sapeit demonstrates C
that the model does not apply to a FI state. Finally, recent Dot

NMR measurements, performed on Ca-doped manganites, r 12 Representation of the three domains resulting from the
have indicated that, even in the FI low-temperature phaseigh temperature structural transition from a cubic to an orthorhom-
metallic regions exist’ which could support some charge bic symmetry. The axis can be successively along the three edges
segregation picture. Concerning the FM intermediate phasef the perovskite cube. The shaded square represents the scattering
the main question is why, in this phase, only the lowest enplane of the experiment. Domains 1 and 2 lead to an exchange
ergy part of the splitted spin wave branch remains measufetween th¢001] and[110] directions. The scattering plane coun-
able? We can invoke the role of an orbital disorder, as usetfins also the basai(b) plane of domain 3.

by Khaliullin and Kiliar? to explain the renormalization of

the magnons observed close to the zone boundary, in the ACKNOWLEDGMENTS

. . 2
CMR FM phase of manganites with loW:". In the present It is a pleasure to thank G. Khaliullin, D. Khomskii, K. I.

case, betweel: and Ty o, in the FM phase, the orbital Kugel, and A. M. Ols for enlightening discussions.
order induced by the Jahn-Teller effect is seriously damaged.

It might evolve to a new one beloWq:o.2! During this
evolution, large orbital fluctuations could explain the soften-
ing of the magnetic coupling. This scheme could also help to APPENDIX

understgnd why, at low temperature, in the Fl phase, large Twinning in perovskites is a very common phenomenon.
magnetic couplings are sharply restored. It could be the efrhe gccurence of a domain structure in perovskites is due to
fect of the above-quoted new orbital order. However, a difhe fact that at high temperature, the aristotype c&uigm
ficulty remains. As soon as an orbital order exists, the magstrycture is the most stable. On cooling, a structural transi-
netic coupling must be theoretically anisotropitn the  tion may occur, leading to a lower symmetry. It generates
present case, the spin wave dipersion curves are isotropigomains related by operators lost during the transition. In
This could be perhaps explained by persisting orbitalperovskites ofPbnm structure, (cell agy2x agy2x 2ay),
fluctuations. The spin wave isotropy could be also solvedip to six orientational domains can exist. In our experiment
by a peculiar lattice-spin coupling involving isotropic acous-three domains have been found. They are represented in Fig.
tic and low energy optic phonons, not considered by theory12. Each of them corresponds to the alignment ofRiam
until now. ¢ axis along one edge of the perovkite cube. So along the
The exact nature of the ground state of the FI phase df110] direction of domain 1, thg001] direction of domain 2
Lag g7:51h.129MN0O5 is still an open question, but its amazing and the[110] direction of domain 3 are also observed. Only
and complex magnetic excitations, revealed by inelastic neuhe direct space is represented here, but as the vectors of the
tron scattering, specially aj values related to new lattice unit Pbnm cell, a, b, c, are, respectively, parallel to the
periodicities, will have to be taken into account in its future vectors of the reciprocal celg*, b*, c*, the superposition
solution. of the same directions in the reciprocal space is observed.
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Scanning, for instance, along th@01] direction of domain
1, it is possible to measure the Bragg pg@k2 and the
Bragg peak4110) of domain 2 and domain 3. If the reso-

PHYSICAL REVIEW B67, 214430 (2003

It is the case for Lgg;SrpogVInOg, it is not the case for
Lag 75505 1.9MINO3 where the orthorhombicity is too small.
The presence of the domain 3 gives us the opportunity to

lution of the spectrometer is better than the difference bemeasure also the spin waves and the phonons propagating

tween| 7y and| 7,4, these two peaks will be discriminate.

along thea axis direction(Fig. 5).
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