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We study the spin dynamics of the manganites La0.9Ca0.1MnO3 and La0.91Sr0.09MnO3 in magnetic field.
Previous studies in zero field have shown that the magnetic ground state is inhomogeneous with ferromagnetic
sFd droplets embedded in a canted antiferromagnetic(CAF) matrix. The spin dynamics consists of two spin
wave branches in a high and a low-energy range, respectively. However, the assignment of these two branches
either to a mean CAF medium or toF droplets embedded in an AF matrix, was uncertain. The present study
shows that these two branches do not follow the mean-field calculation for a homogeneous CAF state and do
not correspond either to a phase separation between AF andF states. The progressive spin-flop transitions
observed forH ib andH ia+b, give rise to strong changes in the dispersion of the spin waves. The low-energy
branch, only visible aroundF zone centers at zero field, appears at anyq-value in magnetic field. Moreover, as
soon as the AF spin component deviates from its easy axis, leading to a decrease of the magnetic anisotropy,
the high-energy branch is no more defined near the zone boundary. Its intensity is transferred to a higher flat
level, likely related to defects in the CAF matrix. These new results strongly support a picture where these
magnetic excitations arise from a modulated canted antiferromagnetic ground state consisting of two coupled
F and AF components.
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I. INTRODUCTION

The study of manganese oxides La1−xBxMnO3 (B=Sr2+ or
Ca2+) is currently one of the main topics within the area of
strongly correlated electrons, due to the colossal magnetore-
sistance(CMR) they exhibit aroundx=0.3. The parent com-
pound, LaMnO3, shows an A-type antiferromagnetic(AF)
ground state.1,2 Spins of Mn3+ ions are aligned along theb
direction of the orthorhombic unit cellsPbnmd. They are
coupled ferromagnetically in thesa,bd plane and antiferro-
magnetically along thec axis, by super exchange(SE). Upon
doping with holes, a ferromagneticsFd coupling between
Mn3+ and Mn4+ ions is favored by double exchange3 (DE).
Consequently aF component grows along thec axis. The
result of this competition between AF superexchange andF
double exchange produces a peculiar ground state which is
still well debated.4–11 Two opposite pictures have been pro-
posed,(i) a homogeneous canted AF state(CAF),12 and(ii ) a
phase separation between F and AF domains.13,14 In the first
picture, the holes are spread homogeneously. The spins of
Mn ions, aligned along theb axis in the pure compound,
homogeneously tip towards thec axis because of theF
double exchange induced by doping. At the opposite, in the
second picture, holes segregate, leading to hole-richF areas
and hole-poor AF areas. These two pictures lead to different
spin excitation spectra in applied field. In case(i), the inter-
nal field induced by doping, acts as an external magnetic
field on LaMnO3 (Ref. 15) and lifts the twofold degeneracy
of the single spin wave branch of the AF matrix. This leads

to two spin wave branches, in zero field as well as in applied
field. Within a mean-field calculation, these two branches
have two distinct gaps and cross each other near the zone
boundary along the AF[001] direction. On the other hand, in
case(ii ), the superposition of two spin excitation spectra is
expected. A doubly degenerated AF branch for the AF matrix
would be superposed to aF branch forF domains giving rise
to three branches in applied field. In this debate,
magnetization,10 Bragg peaks measurement1 and ESR(Refs.
4–6) are consistent with a homogeneous CAF state. How-
ever, diffuse and inelastic neutron scattering experiments in
zero field16–20 lead to a third picture: amodulated CAF
ground state. A diffuse neutron scattering signal is measured
around(110) F Bragg peaks. This signal disappears above
the Néel temperature and is not measured at any temperature
when using x rays instead of neutrons. This shows that this
modulation is of magnetic origin and that the Ca/Sr ions are
homogeneously spread in the matrix. Such a signal can be
interpreted by the presence ofF inhomogeneities, i.e.,F
nanosized droplets, with their magnetization along thec axis.
The maximun of the modulation gives the typical distance
between droplets and itsq-dependence gives their size.17 The
size and the distance between droplets, embedded in the
CAF matrix with a liquidlike order, can be explained by
long-range Coulomb interactions. The magnetic contrast
s0.7mBd experimentally measured between the droplets and
the matrix shows that the matrix is canted.20 The fact that the
magnetization of allF droplets is along thec axis implies
that they are ferromagnetically coupled through the CAF ma-
trix. Charge segregation between a rather hole-poor CAF
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matrix and rather hole-richF droplets appears to be at the
origin of such a magnetic ground state which is quite differ-
ent from the AF/F phase separation proposed by
theoreticians.13,14A schematic picture of this modulated CAF
state is shown in Fig. 1 based on diffuse scattering experi-
ments on an untwinned crystal of La0.94Sr0.06MnO3.

19 In in-
elastic neutron scattering measurements, the two measured
spin wave branches, lying in separatedq- and energy-ranges
along[001], are consistent with this peculiar modulated CAF
ground state within the following picture: the low-energy
branch is mainly related to the double exchange in theF
droplets, coupled through the CAF matrix,16,19 while the
high-energy branch is mainly attributed to the super ex-
change coupling of the CAF matrix.

In order to get a deeper insight into this peculiar magnetic
ground state, we have applied a magnetic field to crystals of
La0.9Ca0.1MnO3 and of La0.91Sr0.09MnO3 already studied in
zero field by diffuse, elastic and inelastic neutron
scattering.20,22 These doping rates are close to the vanishing
of the CAF state and to the percolation of theF droplets
(xCa=0.125 andxSr=0.1) so that a magnetic field is expected
to have a more dramatic effect than at lower doping rates.
The study was focused on the[001] direction where AF(SE)
andF (DE) couplings strongly compete. Preliminary results
in magnetic fieldH ib have already been reported.21 The
present paper consist of a detailed study along several field
directions. It is organized as follows: Experimental details
are given in Sec. II. Section III is devoted to La0.9Ca0.1MnO3.
The Bragg peaks measurements are presented in Sec. III A.
Inelastic measurements along the[001] direction are shown
in Sec. III B. A comparison with La0.91Sr0.09MnO3 is made in
Sec. IV. These new results are discussed in Sec. V.

II. EXPERIMENT

Two single crystals of La0.9Ca0.1MnO3 and
La0.91Sr0.09MnO3 (0.5 cm3 volume and 0.5° mosaic spread)
were grown by a floating zone method. Their structure
is orthorhombic with Pbnm symmetry sc/Î2øaøbd.
a=5.465 Å,b=5.621 Å, andc=7.725 Å for La0.9Ca0.1MnO3
and a=5.534 Å, b=5.617 Å, c=7.738 Å for
La0.91Sr0.09MnO3. The samples are twinned and we consider

that each twin domain has the same volume. For more details
about twinning, see Ref. 22. These doping rates are close to
the vanishing of the CAF state and the average canting angle
(deviation of the spin from theb axis) has a large value:uc
=61° (Ca 10%) (Ref. 20) anduc=56° (Sr 9%),22 in compari-
son to 13° forxCa=0.08(Ref. 17) andxSr=0.06.19 Elastic and
inelastic neutron scattering experiments were carried out on
triple axis spectrometerss4Fd at the Orphée reactor of the
Laboratoire Léon Brillouin and at the Institut Laue-Langevin
(IN14, IN22), set on cold and thermal neutron sources. In-
elastic spectra were recorded using distinct fixed final neu-
tron wave vectors, kf, between 1.3 Å−1 and 2.662 Å−1. The
field was applied vertically with respect to the scattering
plane and, when it was possible, horizontally, to optimize the
intensity of inelastic scattering. All experiments are done at
low temperatures(between 5 and 30 K), in the magnetically
ordered state. These variations of temperature are not signifi-
cant. The demagnetizing field was calculated. The samples
approximate an elongated ellipsoide of revolution with large
and small axes equal to 1 cm and 0.5 cm, respectively, and a
saturated magnetization was taken. The demagnetizing field
is equal to 0.27 T in the less favorable case(H parallel to the
small axis of the ellipsoid) and can be neglected. The scat-
tering plane contained either[(001), (100)] or [(001), (110)]
so that the[001] direction can be studied for the field direc-
tions,H parallel toa, b, c anda+b. We note that:

(1) The H ic direction, parallel to theF spin component,
maintains the symmetry of the zero-field magnetic structure.

(2) The field directionH ia+b, has the particular prop-
erty to be equivalent for the two twin domains which share
the samec axis. This allows to know the number of spin
wave branches in field without ambiguity.

(3) TheH ia andH ib field directions are obtained within
the same measurement, thanks to the twinning.

III. La 0.9Ca0.1MnO 3

A. Elastic neutron scattering: Bragg peaks vs magnetic field

The study of Bragg peaks was carried out in order to
determine the spin orientation in magnetic field, which will
be important for the interpretation of inelastic scattering data.
The magnetic elastic neutron scattering cross section23 can
be written as

ds

dV
= r0

2 . h 1
2 . g . FsQdj2 . N . exph− 2 .WsQdj

3 o
a,b=x,y,z

sda,b − k̄a . k̄bd

. o
R,R8

exphiQ . sR − R8djkŜR
a . ŜR8

b l,

whereFsQd is the magnetic form factor of the Mn3+ ions,N
is the number of unit cells, exph−2WsQdj the Debye-Waller

factor,Q=K −K 8 is the scattering wave vector,k̄a=Qa / uQu,
R is the position vector of the spin in the lattice. We noteSF
sSAFd the averageFsAFd spin component andQF sQAFd the
angle betweenSF sSAFd andQ. The Bragg peak intensity can
be written as follows:

FIG. 1. Schematic representation of the modulated canted state
based on diffuse scattering measurements carried out on an un-
twinned crystal of La0.94Sr0.06MnO3 (Ref. 19).
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IsQ = tFd ~ sinsQFd2 . sSFd2 . dsQ − tFd,

IsQ = tAFd ~ sinsQAFd2 . sSAFd2 . dsQ − tAFd,

The geometrical factorF=sinsQF,AFd2, expresses the fact
that only spin components perpendicular to theQ wave vec-
tor are observed. This allows to determine the spin configu-
ration. We will see that nearly all the variation of theF and
AF Bragg peaks intensity vs magnetic field(Fig. 2) can be
explained by the variation ofF. We can first notice that theF
and AF Bragg peaks intensities vary continuously and simul-
taneously[Figs. 2(c) and 2(d)]. This is consistent with a
single-phase ground state and not with a phase separation
betweenF and AF domains.

For H ic, [Fig. 2(a)]: The spin orientation is the same as in
zero field.SF remains alongc sFs002d=0d so that the inten-
sity of the(002) Bragg peak, only of nuclear origin, does not
vary with the field. The AF(001) Bragg peak intensity shows
a small and linear decrease. It can be explained by a small
decrease of the magnitude ofSAF in magnetic field as the
field favors ferromagnetism.

For H ia+b, [Fig. 2(b)]: The variation of the Bragg peaks
intensity can be interpreted by a progressive spin-flop tran-
sition, occurring between 1 T and 4 T. In general, a spin-flop
transition means a sudden rotation of the AF spins at a criti-

cal field value to put themself perpendicular to the applied
magnetic field. Here this rotation is progressive, as shown by
the variation of the magnetic intensity of Bragg peaks. The
AF (001) Bragg peak looses almost half of its intensity
which corresponds to a rotation ofSAF from the b axis

sFs001d=1d to f1̄12g sFs001d=1/2d. The (002) Bragg peak
intensity increases up toH=1.5 T, then levels off and
smoothly decreases. The initial increase can be understood
by the rotation ofSF from c sFs002d=0d to [110] sFs002d
=1d. The decrease of the intensity forHù1.5 T could be
explained by a decrease of the nuclear intensity of the(002)
Bragg peak in magnetic field. However a detailed determi-
nation of the nuclear structure in magnetic field would be
needed to confirm that there is structural changes in this field
configuration. To sum up,SAF remains perpendicular toSF

and rotates fromb to f1̄12g.
In these two first cases(H ic andH ia+b), twinning does

not cause any ambiguity. In the two following cases(H ia
andH ib), two domains(for which H ia andH ib) contribute
to the (001) Bragg peak intensity. Fortunately, due to the
large orthorhombicity, the(200) and the(020) Bragg peaks
can be separated, so that only one twin domain(H ia or
H ib) contribute to their intensity.

For H ib [Figs. 2(c) and 2(d)]: The variation of the Bragg
peaks intensity can be also interpreted by a progressive spin-
flop transition.SF rotates fromc to b asSAF rotates fromb to
the sa,cd plane, mainly alongc. Indeed, the magnetic inten-
sity of the(020) Bragg peak disappears asSF rotates fromc
to b. The(001) Bragg peak intensity can be considered as the
sum of two intensities coming from two twinned domains.
For the twin domain withH ib, the magnetic intensity of the
(001) Bragg peak vanishes asSAF rotates towards thesa,cd
plane. However, for the twin domain withH ia, SAF is ex-
pected to remain alongb so thatFs001d=1. The final result
is a decrease of approximately 50% of the intensity of the
(001) Bragg peak, as seen in Fig. 2(d). This spin-flop transi-
tion which takes place between 0.5 T and 3 T, is steeper than
in the caseH i f110g.

For H ia [Figs. 2(d) and 2(e)]: The fast decrease of the
(200) Bragg peak intensity corresponds to a rotation ofSF
from c sFs200d=1d to a sFs200d=0d, whereasSAF remains
alongb as seen above.

These four spin configurations are schematized in Fig. 3.
To summarize, theF spin component follows easily the field
and the AF spin component undergoes a progressive spin-
flop transition forH ib and H ia+b. This progressive spin-
flop transition will induce strong pertubations on the spin
dynamics as described now.

FIG. 2. Field dependence of some Bragg peaks integrated inten-
sity for La0.9Ca0.1MnO3. (a) Horizontal H ic axis; (b) vertical
H ia+b; (c) horizontalH ib; (d) vertical H ib andH ia superposed
because of twinning, at zero field the contribution of the two twin
domains is assumed to be the same;(e) horizontalH ia.

FIG. 3. Scheme of Mn spin configurations in magnetic field
H ic, a+b, b anda. uc is the average canting angle,SF andSAF are,
respectively, the ferromagnetic and antiferromagnetic spin
component.
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B. Inelastic neutron scattering

1. Measurements in zero field

Figure 4 displays the dispersion curves obtained in zero
field for La0.9Ca0.1MnO3, for comparison with measurements
in magnetic field. Two main symmetry directions have been
studied:c, the direction of antiferromagnetism and thea+b
direction within theF planes, focusing on the low energies
s"vø8 meVd. We note that the low-energy branch shows an
anisotropic dispersion, unlike the observations at lower
doping.16,18 In both directions, the high(low) energy branch
has a measurable intensity only around AFsFd zone centers
(cf. caption of Fig. 4). The two branches do not cross each
other at the zone boundary along the[001] direction as ex-
pected in a homogeneous CAF state. These two branches, in
separatedq- and energy-ranges, could remind observations
reported in antiferromagnets with extrinsic magnetic impuri-
ties, when replacing Mn2+ ions by Co2+ ions in MnF2.

24 Dif-
ferences with the present work will be discussed in the con-
clusion. Another interesting feature is the vanishing of the
low-energy branch intensity along[001] between Q
=s0 0 1.3d andQ=s0 0 1.35d, illustrated by the energy spec-
tra of Fig. 5. This allows one to define a critical valueqcr
<0.33 r.l.u. This wave vector corresponds to a wavelength
l=2p /0.33p2p /c=3.c (6 edges of the small cube of the
perovskite structure). This is approximately the distance be-
tween the centers of two neighboringF droplets alongc
(Ref. 19) (Fig. 1).

2. Field effect on the spin wave gaps
at the AF zone centerQ=„001…

We now describe the gap evolution atQ=s001d (AF zone
center) vs H applied along various crystallographic axes
(Figs. 6–8).

H ic: Energy spectra obtained in zero and in applied field
are compared in Fig. 6. No significant difference is observed
up to H=3 T.

H ia+b: Energy spectra are presented in Fig. 7(left pan-
els). When the field increases from 0 to 4 T, the high-
energy gap decreases from 1.9 meV to 1.35 meV, then lev-
els off. Surprisingly, a new excitation appears forH=1 T
around 0.2 meV and increases lineary with the field, up to
0.6 meV. The intensity of this mode grows at the expense of
the high-energy mode. Its origin will appear clearly when
looking at the wholeq-dispersion of the spin wave branches:
it belongs to the low-energy branch. Therefore, only two

FIG. 4. Dispersion curves in thef00zg and fzz0g directions for
La0.9Ca0.1MnO3 at H=0 T. The high-energy branch(full circles)
has been measured around(001) and (111) AF zone centers. The
low-energy branch(full triangles) has been measured around(110)
or (002) F zone centers.qcr<0.33 indicates the vanishing of the
intensity of the low-energy branch.

FIG. 5. Energy spectra along thef00zg direction, atH=0 T, for
La0.9Ca0.1MnO3. The spectrum atQ=s0 0 1.35d, panel b, was
shifted by 50 for a better visibility.

FIG. 6. Energy spectra of the magnetic gap atQ=s001d for
La0.9Ca0.1MnO3 vs horizontal magnetic fieldH ic. Full circles H
=0 T; empty circlesH=3 T.
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modes are observed in applied field. This rules out the sce-
nario of phase separation, with two distinctsF and AF me-
dia, where three modes are expected.

H ib andH ia: Energy spectra are shown in Fig. 7(right
panels). At H=2 T, the single mode observed atH=0 be-
comesapparentlysplit, with a progressive transfer of inten-
sity from the upper to the lower energy mode. AtH=3 T,
when using a better resolution[cf. comparison between
kf =1.3 Å−1 andkf =1.5 Å−1 in Fig. 7(g)], an additional peak
appears at low-energy as in the caseH ia+b. Its energy in-
creases with magnetic field. We will see that this mode be-
longs to the low-energy branch. Since only two branches are
observed forH ia+b, two branches are also expected in
other field directions. Therefore we attribute the apparent
splitting of the high energy branch to the different behaviors

in applied field of two twin domains for whichH ib and
H ia.

The general evolution of the two gap energies with the
field direction is summarized in Fig. 8.

For H ic [Fig. 8(a)]: The high-energy gap does not change
with field. This can be understood since this field direction
maintains the same spin symmetry as in zero field.

For H ia+b [Fig. 8(b)]: The decrease of the high-energy
gap reflects the decrease of the magnetic anisotropy asSAF

rotates fromb (easy axis) to f1̄12g during the progressive
spin-flop transition.

For H ib and H ia [Fig. 8(c)]: The fast decrease of the
intermediate-energy gap allows its attribution to the domain
with H ib, for which SAF rotates fromb to c (spin-flop). In
contrast, the slow decrease of the high-energy gap allows its
attribution to the domain withH ia, for which SAF remains
alongb.

The present study in magnetic field clearly shows that this
high-energy gap is linked to the magnetic anisotropy energy
as in the pure compound. It strongly decreases as soon as the
field deviates the AF spin component from theb axis. In
contrast, the additional low-energy gap observed forH ia
+b, H ia and H ib [Figs. 8(b) and 8(c)] increases linearly
with the field.

3. Effect of the field on the spin wave dispersion curves

All the gaps observed atQ=s001d, and reported in Fig. 8,
belong to dispersive spin wave branches, which are shown in
Fig. 10. Figure 9 displays energy spectra obtained at different
q-values, at constant field: 5 T forH ia+b, and 3.25 T for
H ia andb. The H ic case, where no changes are measured
compared to zero field, is not considered.

For H ia+b, at 5 T[Fig. 9 left panels and Fig. 10(b)]: The
shift of the high-energy branch towards lower energies is
mainly due to the decrease of its gap(diminution of the
anisotropy energy). Very surprisingly, the low-energy branch
is now measurable at anyq-value. The shift of this branch
towards higher energy values nearly corresponds to"v
=gmBH, the Zeeman energy. As previously mentioned, the
observation of only two spin wave branches forH ia+b rules
out a phase separation scenario.

For H ia and b, at 3.25 T [Fig. 9 right panels and
Fig. 10(c)]: A discontinuity occurs aroundqcr. Up to
Q=s0,0,1.2d, three well-defined modes are measured(two
high-energy modes related to two different domains and
the low-energy mode), whereas only two modes are observed
for Qù s0,0,1.25d. In Fig. 9, it is clearly seen that for
Qù s0,0,1.25d, the intermediate-energy mode, attributed to
H ib, disappears and its intensity is transferred on the upper-
energy mode which broadens. It becomes more damped and
flat with an energy around 2.7 meV. Such a flat level, which
indicates magnetic defects in the CAF matrix, will be dis-
cussed below. This flat energy level is superposed to the
high-energy branch forH ia, which is much less perturbed
by the field.

To summarize, when applying the magnetic field along
any direction perpendicular toc, strong changes appear in
both spin wave branches:

FIG. 7. Energy spectra of magnetic excitations atQ=s001d for
La0.9Ca0.1MnO3 vs magnetic field, verticalH ia+b (left panels) and
verticalH ib anda (right panels). Filled (empty) circles correspond
to data obtained withkf =1.55 Å−1 skf =1.3 Å−1d. These two experi-
mental conditions are compared in(g).

FIG. 8. Field dependence of the gaps atQ=s001d for
La0.9Ca0.1MnO3 versus(a) horizontal magnetic fieldH ic, (b) verti-
cal H ia+b, (c) vertical H ib anda.
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(1) The low-energy branch is now measurable at any
q-value. The shift towards higher energies is approximately
due togmBH, whatever the field direction.

(2) Concerning the high-energy branch, there are two
main effects: as soon as the AF spin component leaves its
easy axis,b, the gap decreases. So a shift towards smaller
energies of the whole curve is observed. More surprisingly,
whenH is alongb, the spin waves are measurable only until
some criticalq-value qcr. Then their intensity is transferred

on a flat energy level. This reveals a strong change in spin
dynamics, even much better observed in La0.91Sr0.09MnO3,
which we consider now.

IV. La 0.91Sr0.09MnO 3

The general character of the above observations on
La0.9Ca0.1MnO3 has been checked on a Sr-doped compound:
La0.91Sr0.09MnO3. Figure 11 displays the dispersion curves
along thef00zg and fzz0g directions in zero magnetic field.
The two observed anisotropic spin waves branches are very
similar to those measured in La0.9Ca0.1MnO3.

A magnetic field study was also carried out for this com-
pound. The magnetic field was applied along theb axis (also
because of twinning). The variation of the Bragg peak inten-
sities vs field(not reported) leads to the same conclusions as
for La0.9Ca0.1MnO3: a progressive spin-flop transition occurs
for H ib. SAF rotates from theb axis to thec axis asSF
follows the field, rotating towards theb axis. ForH ia no
spin-flop transition is observed:SAF remains alongb as SF
follows the field, rotating from thec axis towards thea axis.

The variation of the gaps atQ=s001d vs the magnetic
field (H ia and H ib) is presented in Fig. 12. For the same
reasons as in La0.9Ca0.1MnO3, the highest-energy mode
is attributed to the domain for whichH ia and the
intermediate-energy mode, to the domain for whichH ib.
The highest-energy mode decreases smoothly from
1.8 meVs0 Td to 1.55 meVs3.5 Td, while the intermediate-
energy mode abruptly decreases from 1.85 meVs0 Td down
to 0.8 meVs1.5 Td. A further low-energy mode appears at
2.5 T which belongs to the low-energy branch. Its energy
increases lineary with the field.

Energy spectra along thef00zg direction, in constant ap-
plied magnetic field,H=3.5 T, andH ia and b axis super-
posed because of twinning, are reported in Fig. 13. As for
La0.9Ca0.1MnO3, three well defined modes are observed at

FIG. 9. Energy spectra at four differentQ values and under
constant field for La0.9Ca0.1MnO3. Spectra were obtained with vari-
ous resolution conditions,kf varying from 1.3 to 1.55 Å−1. On the
left panels,H ia+b andH=5 T. On the right panels,H=3.25 T and
H ib and a. Only the spectrum atQ=s0,0,1.425d has been mea-
sured until 4 meV.

FIG. 10. Dispersion curves for La0.9Ca0.1MnO3 along thef00zg
direction atH=0 (a), verticalH ia+b andH=5 T (b), verticalH ib
(and H ia) and H=3.25 T (c). The dotted lines correspond to an
extrapolation of the high-energy branch with the same AF coupling
constant forH ia andH ib. qcr indicates the limit for the observa-
tion of the low-energy branch atH=0 T.

FIG. 11. Dispersion curves in thef00zg andfzz0g directions for
La0.91Sr0.09MnO3 at H=0 T. The high-energy branch(circles) has
been measured around the(001) and (111) AF zone centers. The
low-energy branch(full triangles) has been measured around(110)
or (002) F zone centers.qcr<0.33 indicates the vanishing of the
intensity of the low-energy branch(Ref. 22).
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Q=s001d. When increasingq, a fourth mode appears, undis-
persed, around 3 meV not reported on Fig. 14. Its intensity,
weak atQ=s001.1d and Q=s001.2d increases withq. For
qcrøq only two modes are observed belonging, respectively,
to the low energy-branch and to the flat energy level around
3 meV. The whole dispersion curves are displayed in Fig.
14. The low-energy branch is the same for the domains with
H ia and H ib and appears at anyq-value, in applied mag-
netic field. The high-energy branch shows essentially the
same features as in La0.9Ca0.1MnO3. The branch which starts
at 0.8 meV, attributed to the domain withH ib, vanishes
aboveqcr. For qcrøq, its intensity jumps onto the flat energy
level around 3 meV. Measurements are difficult at the zone
boundary where several branches are very close each other.
However, the branch which starts at 1.7 meV, attributed to
the domainH ia, is measured in a largeq-range and therefore
appears little disturbed by the field.

To sum up, the behavior of La0.91Sr0.09MnO3 is very simi-
lar to that of La0.9Ca0.1MnO3. The same progressive spin-flop

transition occurs forH ib. This transition is steeper in the
La0.91Sr0.09MnO3 case as indicated by the fast evolution of
the high-energy gap atQ=s001d for H ib. In both cases the
low-energy branch is visible at anyq-value and the high-
energy one is no more measurable beyondqcr <0.33 for
H ib. Then, a flat level appears with a slightly higher energy
s3 meVd and is more easily measurable for La0.91Sr0.09MnO3.

V. DISCUSSION AND CONCLUSION

In previous studies on Ca- and Sr-doped manganites in the
low-doping regime, we have shown that the magnetic ground
state of these compounds consists of coupled ferromagnetic
nanosizeF droplets embedded in a CAF matrix16–20 leading
to what we call amodulated canted state. Zero field inelastic
neutron scattering experiments,20 have revealed the presence
of two distinct spin wave branches, a high-energy one mea-
sured around AF zone centers and a low energy one mea-
sured aroundF zone centers. Because of the properties of
these spin wave branches(dispersion, intensity, damping) we
considered them as the magnetic excitations of this peculiar
modulated canted AF ground state. The present study in ap-
plied magnetic field of the static and dynamic properties of
these compounds, reported in this paper, eliminates the pos-
sibility of either a mean CAF ground state or a phase sepa-
rated state withF and AF domains.

First, the variation ofF and AF Bragg peak intensities in
magnetic field allowed us to precise the spin configuration in
applied field. A progressive spin-flop transition was evi-
denced in these low-doped compounds as soon as the field
has a component along theb axis, which is the easy axis for
the AF spin component. The continuous and simultaneous
variation of theF and AF Bragg peaks intensities indicates
that these peaks characterize the same magnetic phase and
not two distinct phases. The progressive character of this
spin-flop transition can be explained by the presence of mag-
netic inhomogeneities.

FIG. 12. Field dependence of the AF gap inQ=s001d for
La0.91Sr0.09MnO3 vs vertical magnetic fieldH ib anda.

FIG. 13. Energy spectra along thef00zg direction for
La0.91Sr0.09MnO3 in constant applied magnetic fieldH=3.5 T and
H ia and b. Spectra were obtained with various resolution condi-
tions,kf varying from 1.3 to 1.55 Å−1.

FIG. 14. Dispersion curves for La0.91Sr0.09MnO3 along thef00zg
direction for verticalH ib (andH ia) andH=3.5 T. The dotted lines
correspond to a calculation of the high-energy branch forH ib and
H ia with the same AF coupling constant.qcr indicates the limit for
the observation of the low-energy branch atH=0 T.
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Second, the field behavior of the gaps atQ=s001d and
Q=s002d allowed us to determine their origin.

The major role played by theb axis, along which the AF
spin component is maintained due to the uniaxial magnetic
anisotropy, is illustrated by the field evolution of the antifer-
romagnetic gap atQ=s001d. This gap is equal to 2.7 meV
for LaMnO3, in zero field.2 In that case, its connection with
the energy of anisotropy is straightforward and the fact thatb
is the easy axis for the AF spins can be explained by the
spin-orbit coupling and by the orbital ordering due to the
Jahn-Teller effect.25 In the doped compound, this gap still
exists, and, by continuity, it is related to the CAF matrix.
However, very surprinsingly, its value, 1.9 meV, remains
constant in the doping range where the CAF state exists(see
Fig. 14 of Ref. 20), while the other parameters(superex-
change integrals, spin wave stiffness constant of the low en-
ergy branch) vary with doping. These observations question
on the exact nature of this gap in the CAF state. The present
measurements in applied magnetic field, prove that this gap,
which strongly decreases as soon as the AF spin component
rotates away from theb axis, is still connected to the aniso-
tropy energy. In the caseH ib, its dramatic decrease is asso-
ciated to important perturbations in the spin dynamics.

The low-energy gap measured atQ=s002d in zero field is
ten times smaller than the high-energy gap(0.19 meV for
La0.9Ca0.1MnO3 and 0.14 meV for La0.91Sr0.09MnO3). This
indicates a low anisotropy along thec axis for theF spin
component so that it can easily follow the field. Whatever the
field direction, the energy of this gap is nearly shifted by the
Zeeman energy,gmBH as expected in the case of a ferromag-
netic spin wave branch.

Finally, the study of the dispersion of the two spin wave
branches in magnetic field provides further information on
this modulated CAF ground state.

(i) The zero field study20 has already rules out the possi-
bility of a homogeneous CAF ground state since no crossing
of the two spin wave branches was observed at the zone
boundary along thec axis as expected in this case. For all
that, the observation of two spin wave branches lying in
separatedq- and energy-ranges does not truly correspond to
that reported in antiferromagnet with extrinsic impurities.24

In the present case, the low energy branch does not come
from a flat energy level of impurities that should modulate
when increasing the concentration of impurities.16 The
present study in magnetic field, where we still observe two
spin wave branches instead of three, as expected for a phase
separation betweenF and AF areas, also definitively elimi-
nates this possibility.

(ii ) The low-energy branch is measured at anyq-value,
even around the(001) AF zone center, as soon as the applied

magnetic field has a component perpendicular to thec axis.
This underlines the mixed nature of this branch with ferro-
magnetic characteristics(small gap increasing by the Zee-
man energy in magnetic field) and the periodicity of antifer-
romagnetism. This branch probably results from the interplay
between the intradroplets DE coupling and the interdroplets
coupling (SE) through the CAF matrix. When applying a
field not parallel to thec axis, the symmetry change induced
by the rotation of theF spin component could explain that
this branch becomes measurable at anyq-value.

(iii ) The progressive spin-flop transition, in the caseH ib,
induced a strong pertubation of the high-energy branch, as-
sociated with the CAF matrix, which can be only measured
at smallq-values. The observation of a flat energy level near
the zone boundary indicates the presence of defects in the
CAF matrix that prevent the collective AF spin wave mode
to propagate on a small scale. We note that the value of this
level (2.7 and 3 meV for the Ca- and Sr-doped compounds,
respectively) is close to the value of the high-energy branch
at the zone boundary in zero field. This flat energy level
corresponds to a first-neighbor coupling. We can explain
these defects by the inhomogeneous character of the mag-
netic ground state. They could originate from spins which
have not rotated during the progressive spin-flop transition
and remain attached to theb axis. When the magnetization of
the droplets rotates with the field, it drags the neighboring
spins of the CAF matrix but may leave the farthest spins
unchanged. The consequence of such defects is that, for short
wavelength, the AF collective mode cannot propagate. Only
coupling between first-neighbors are observed. For larger
wavelength(small q), spin waves are not sensitive to these
defects and the collective dispersed AF mode is measured.
We note that the progressive spin-flop transition is less dis-
turbing in the caseH ia+b, where the AF spin component
partially remains alongb. Here, this flat energy mode is not
measured. These observations emphasize the importance of
the spin-lattice coupling(easy magnetization axis alongb)
for stabilizing this modulated ground state.

This study, in a moderate magnetic field, of the static and
dynamic magnetic properties of the low-doped manganites,
allowed us to confirm our picture ofa modulated canted
statewhere theF and AF components are strongly coupled.
It definitively rules out a scenario of either a mean CAF
ground state or a phase separated state.
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