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Magnetic ground state of low-doped manganites probed by spin dynamics in a magnetic field
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We study the spin dynamics of the manganiteg dGa, ;MnO3 and Lag 9:SryogVINO3 in magnetic field.
Previous studies in zero field have shown that the magnetic ground state is inhomogeneous with ferromagnetic
(F) droplets embedded in a canted antiferromagn@i&F) 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 todroplets 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 AR-astdtes. The progressive spin-flop transitions
observed foH|lb andHlla+b, give rise to strong changes in the dispersion of the spin waves. The low-energy
branch, only visible arounB zone centers at zero field, appears at @awalue 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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[. INTRODUCTION to two spin wave branches, in zero field as well as in applied
field. Within a mean-field calculation, these two branches
The study of manganese oxides,L#8,MnO; (B=SrP*or  have two distinct gaps and cross each other near the zone
Ca") is currently one of the main topics within the area of boundary along the AF001] direction. On the other hand, in
strongly correlated electrons, due to the colossal magnetoréase(ii), the superposition of two spin excitation spectra is
sistancg CMR) they exhibit arounck=0.3. The parent com- €xpected. A doubly degenerated AF branch for the AF matrix
pound, LaMnQ, shows an A-type antiferromagneti&F) would be superposed _tol%lbran.ch forF domains giving rise
ground staté:2 Spins of Mr#* ions are aligned along the  t© three brar(l)ches in applied field. In this debate,
direction of the orthorhombic unit cellPbnm). They are ~Magnetizatiort? Bragg peaks measureméand ESR(Refs.
coupled ferromagnetically in thea,b) plane and antiferro- 4-0 are consistent with a homogeneous CAF state. How-

magnetically along the axis, by super exchang&). Upon ever, diffuse and inelastic neutron scattering experiments in

dopi th hol ; e ing betw zero field®20 lead to a third picture: anodulated CAF
oping with holes, a ferromagneti¢) coupling between g, ,nd stateA diffuse neutron scattering signal is measured

Mn®* and Mrf* ions is favored by double exchan’fg(eDE). around(110) F Bragg peaks. This signal disappears above
Consequently & component grows along the axis. The  the Néel temperature and is not measured at any temperature
result of this competition between AF superexchangefand when using x rays instead of neutrons. This shows that this
double exchange produces a peculiar ground state which igodulation is of magnetic origin and that the Ca/Sr ions are
still well debated'™** Two opposite pictures have been pro- homogeneously spread in the matrix. Such a signal can be
posed(i) a homogeneous canted AF ste®AF),*2and(ii)a interpreted by the presence &f inhomogeneities, i.e.F
phase separation between F and AF domai¢ In the first  nanosized droplets, with their magnetization alongaheis.
picture, the holes are spread homogeneously. The spins dhe maximun of the modulation gives the typical distance
Mn ions, aligned along thé axis in the pure compound, between droplets and itsdependence gives their siz€The
homogeneously tip towards the axis because of thé size and the distance between droplets, embedded in the
double exchange induced by doping. At the opposite, in th&€AF matrix with a liquidlike order, can be explained by
second picture, holes segregate, leading to holefielneas long-range Coulomb interactions. The magnetic contrast
and hole-poor AF areas. These two pictures lead to different0.7ug) experimentally measured between the droplets and
spin excitation spectra in applied field. In casg the inter-  the matrix shows that the matrix is cant&dhe fact that the

nal field induced by doping, acts as an external magnetienagnetization of alF droplets is along the axis implies

field on LaMnG, (Ref. 15 and lifts the twofold degeneracy that they are ferromagnetically coupled through the CAF ma-
of the single spin wave branch of the AF matrix. This leadstrix. Charge segregation between a rather hole-poor CAF
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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 thé axis) has a large valuef,
=61°(Ca 10% (Ref. 20 and 6,=56° (Sr 9%9,%? in compari-
son to 13° forxc,=0.08(Ref. 17 andxs,=0.061° Elastic and
inelastic neutron scattering experiments were carried out on
triple axis spectrometer&iF) 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-
NARARRARRA :vb\\\\\\\ tron wave vectors, & between 1.3 A! and 2.662 A%. The
field was applied vertically with respect to the scattering
FIG. 1. Schematic representation of the modulated canted staglane and, when it was possible, horizontally, to optimize the
based on diffuse scattering measurements carried out on an umtensity of inelastic scattering. All experiments are done at
twinned crystal of LggsSt.0gVINOz (Ref. 19. low temperaturegbetween 5 and 30 K in the magnetically
ordered state. These variations of temperature are not signifi-
matrix and rather hole-riclr droplets appears to be at the cant. The demagnetizing field was calculated. The samples
origin of such a magnetic ground state which is quite differ-approximate an elongated ellipsoide of revolution with large
ent from the AFF phase separation proposed by and small axes equalto 1l cmand 0.5 cm, respectively, and a
theoreticiand314A schematic picture of this modulated CAF saturated magnetization was taken. The demagnetizing field
state is shown in Fig. 1 based on diffuse scattering experiis equal to 0.27 T in the less favorable caseparallel to the
ments on an untwinned crystal of §.&@Sr, dMn03.2 In in- small axis of the ellipsoidand can be neglected. The scat-
elastic neutron scattering measurements, the two measurégfing plane contained eithg001), (100)] or [(001), (110)]
spin wave branches, lying in separatgdand energy-ranges SO that thg001] direction can be studied for the field direc-
along[001], are consistent with this peculiar modulated CAF tions, H parallel toa, b, c anda+b. We note that:
ground state within the following picture: the low-energy (1) TheHlic direction, parallel to thé spin component,
branch is mainly related to the double exchange in Ehe maintains the symmetry of the zero-field magnetic structure.

droplets, coupled through the CAF mattfi!® while the (2) The field directionH|la+b, has the particular prop-
high-energy branch is mainly attributed to the super ex£rty to be equivalent for the two twin domains which share
change coupling of the CAF matrix. the samec axis. This allows to know the number of spin

In order to get a deeper insight into this peculiar magnetigvave branches in field without ambiguity.
ground state, we have applied a magnetic field to crystals of (3) TheHllaandHIb field directions are obtained within
Lag Ca ;MO and of La o;Sr odMNnO; already studied in  the same measurement, thanks to the twinning.
zero field by diffuse, elastic and inelastic neutron
scattering?®??2 These doping rates are close to the vanishing ll. La ¢ 4Cap MnO 5
of the CAF state and to the percolation of thedroplets
(Xca=0.125 andkg,=0.1) so that a magnetic field is expected
to have a more dramatic effect than at lower doping rates. The study of Bragg peaks was carried out in order to
The study was focused on tfi@01] direction where ARSE)  determine the spin orientation in magnetic field, which will
andF (DE) couplings strongly compete. Preliminary results be important for the interpretation of inelastic scattering data.
in magnetic fieldHlIb have already been reportédThe  The magnetic elastic neutron scattering cross sectican
present paper consist of a detailed study along several fielde written as
directions. It is organized as follows: Experimental details

A. Elastic neutron scattering: Bragg peaks vs magnetic field

are given in Sec. Il. Section Il is devoted tod4La ;MnO. do _ r2. {% g. F(Q)}2 N exp- 2. W(Q)}
The Bragg peaks measurements are presented in Sec. Il A. dQ

Inelastic measurements along 1] direction are shown S (5 ralins

in Sec. Il B. A comparison with Lgg:Sty ogMINO3 is made in (Oa, = Ka - Kg)

Sec. IV. These new results are discussed in Sec. V. wpYz

.2 expiQ. (R-RHKSE. S5,
Il. EXPERIMENT RR’'

Two single crystals of LgCaMnO; and yvhereF(Q) is the mggnetic form factor of the Mhions, N
Lag 615 oMnO;5 (0.5 cnt volume and 0.5° mosaic spread 1S the number of unit cells, exp2W(Q); the Debye-Waller
were grown by a floating zone method. Their structurefactor, Q=K -K' is the scattering wave vectdt,=Q,/|Q],
is orthorhombic with Pbnm symmetry (c/v2<a<b). R is the position vector of the spin in the lattice. We n8te
a=5.465 A b=5.621 A, anct=7.725 A for L Ca ;MNO;  (Sar) the averagd=(AF) spin component an®g (0,r) the
and a=5.534A, b=5617A, c=7.738A for  angle betweeis: (Syr) andQ. The Bragg peak intensity can
Lag 91S1h.0gVINO3. The samples are twinned and we considerbe written as follows:
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intensity increases up ted=1.5T, then levels off and
smoothly decreases. The initial increase can be understood
by the rotation ofS: from ¢ (F(002=0) to [110] (F(002)

=1). The decrease of the intensity fot=1.5T could be
explained by a decrease of the nuclear intensity of(@®)
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 upS,e remains perpendicular t6-

and rotates fronb to [112].
In these two first casedillc andHIla+b), twinning does

FIG. 2. Field dependence of some Bragg peaks integrated interhot cause any ambiguity. In the two following cagésla

sity for LaydCaMnO3. (a) Horizontal Hllc axis; (b) vertical
Hlla+b; (c) horizontalHIb; (d) vertical HIlb andHlla superposed

andHI/b), two domaingfor which Hlla andH | b) contribute
to the (001) Bragg peak intensity. Fortunately, due to the

because of twinning, at zero field the contribution of the two tWinIarge orthorhombicity, th€200) and the(020) Bragg peaks
domains is assumed to be the saif@;horizontalH|la. ’

H(Q = 7)< sin(O)? . (S)%. 8(Q - 7¢),

1(Q = 7ap) = SIN(Opp)? . (Sap)?. S(Q = 7ap),

can be separated, so that only one twin dom@ifia or
Hllb) contribute to their intensity.

For HIlb [Figs. Z2c) and 2d)]: The variation of the Bragg
peaks intensity can be also interpreted by a progressive spin-
flop transition.S- rotates fronc to b asSyg rotates fromb to
the (a,c) plane, mainly along. Indeed, the magnetic inten-

The geometrical factoF=sin(@ 5r)?, expresses the fact sity of the(020) Bragg peak disappears 8s rotates fromc
that only spin components perpendicular to @evave vec- tob. The(001) Bragg peak intensity can be considered as the
tor are observed. This allows to determine the spin configusum of two intensities coming from two twinned domains.
ration. We will see that nearly all the variation of tReand ~ For the twin domain wittH|/b, the magnetic intensity of the
AF Bragg peaks intensity vs magnetic figleig. 2) can be  (001) Bragg peak vanishes & rotates towards théa, c)
explained by the variation of. We can first notice that theé ~ plane. However, for the twin domain witHlla, Syr is ex-
and AF Bragg peaks intensities vary continuously and simulpected to remain alonly so that#(00)=1. The final result
taneously[Figs. 2c¢) and 2d)]. This is consistent with a is a decrease of approximately 50% of the intensity of the
single-phase ground state and not with a phase separatigf01) Bragg peak, as seen in Figid. This spin-flop transi-
betweenF and AF domains. tion which takes place between 0.5 T and 3 T, is steeper than

ForHlic, [Fig. 2@)]: The spin orientation is the same as in in the caseH|/[110].
zero field.S: remains along (F(002=0) so that the inten- For Hlla [Figs. 2d) and 2e)]: The fast decrease of the
sity of the(002) Bragg peak, only of nuclear origin, does not (200) Bragg peak intensity corresponds to a rotationSef
vary with the field. The AR001) Bragg peak intensity shows from c (F(200)=1) to a (F(200)=0), whereasS,r remains
a small and linear decrease. It can be explained by a smadllongb as seen above.
decrease of the magnitude 8fr in magnetic field as the These four spin configurations are schematized in Fig. 3.
field favors ferromagnetism. To summarize, th& spin component follows easily the field

ForHlla+b, [Fig. 2b)]: The variation of the Bragg peaks and the AF spin component undergoes a progressive spin-
intensity can be interpreted by a progressive spin-flop tranflop transition forH|Ib andHlla+b. This progressive spin-
sition, occurring between 1 T and 4 T. In general, a spin-flogflop transition will induce strong pertubations on the spin
transition means a sudden rotation of the AF spins at a critilynamics as described now.

144409-3



P. KOBER-LEHOUELLEUREet al. PHYSICAL REVIEW B 70, 144409(2004)

8 T . IT=7‘K . ‘
Cal0 % 100| | Q=00 1.15) a)
TF T=TK
6 - -
50
S st :
Q
£, | oM
= . 0 05 1 15 2 235
5 3L i =] + Q=0013)  b)
ol § 150}, §9=00135)
2 - 2
L § 100}
Lr ?qcr i 2 50 T T
0 ! o SN § 5 }‘
0 05 10 02 2 %5 1 15 2 25 5 35
[00¢] [ggol 11 P
Q=(001.425)
FIG. 4. Dispersion curves in tH®0,] and[£{0] directions for 75t
Lag CaMNO; at H=0 T. The high-energy branctfull circles) s0l
has been measured arou(@1) and (111) AF zone centers. The
low-energy branctifull triangle9 has been measured aroufid.0) 25
or (002 F zone centersqg,~ 0.33 indicates the vanishing of the %
intensity of the low-energy branch. %.5 1 15 2 25 3 35

Energy (meV)
B. Inelastic neutron scattering
FIG. 5. Energy spectra along the0/] direction, atH=0 T, for
Layg CayiMnO;. The spectrum atQ=(0 0 1.35, panel b, was
Shifted by 50 for a better visibility.

1. Measurements in zero field

Figure 4 displays the dispersion curves obtained in zer
field for Lay Cay sMnO3, for comparison with measurements
in magnetic field. Two main symmetry directions have been Hilc: Energy spectra obtained in zero and in applied field

studied:c, the direction of antiferromagnetism and @b 416 compared in Fig. 6. No significant difference is observed
direction within theF planes, focusing on the low energies up toH=3T.

(iw=8 meV). We note that the low-energy branch shows an =~ 4} 54+ p- Energy spectra are presented in Figleft pan-
anis_otropic dispersi_on, .unlike thg observations at Iowere|s)_ When the field increases from 0 to 4 T, the high-
doping:®#In both directions, the higlow) energy branch  gnergy gap decreases from 1.9 meV to 1.35 meV, then lev-
has a measurable intensity only around @ zone centers g|s off. Surprisingly, a new excitation appears for1 T

(cf. caption of Fig. 4. The two branches do not cross eacharound 0.2 meV and increases lineary with the field, up to

other at the zone boundary along #@91] direction as ex- 0.6 meV. The intensity of this mode grows at the expense of
pected in a homogeneous CAF state. These two branches, fie high-energy mode. Its origin will appear clearly when
separated}- and energy-ranges, could remind observationgooking at the wholeg-dispersion of the spin wave branches:
reported in antiferromagnets with extrinsic magnetic impuri-it pelongs to the low-energy branch. Therefore, only two
ties, when replacing Mt ions by C3* ions in MnF.2 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 alond001] between Q

Q=(001)
Horizontal H//c

=(0 0 1.3 andQ=(0 0 1.33, illustrated by the energy spec- 4 3007
tra of Fig. 5. This allows one to define a critical valgg g : 0T @
~0.33 r.L.u. This wave vector corresponds to a wavelength Z 200t 3T ﬁ ]
N=27/0.33x27/c=3.c (6 edges of the small cube of the g .
perovskite structune This is approximately the distance be- 8 i !
tween the centers of two neighboririg droplets alongc g 100 3 .
(Ref. 19 (Fig. D). = \ §
%) 0 . T=20K
2. Field effect on the spin wave gaps 0051152253

at the AF zone centeQ=(001) Energy (meV)

We now describe the gap evolution@t=(001) (AF zone FIG. 6. Energy spectra of the magnetic gapQst(001) for
centej vs H applied along various crystallographic axes Lag {Ca,;MnO5 vs horizontal magnetic fieldHlic. Full circles H
(Figs. 6-8. =0 T; empty circlesH=3 T.
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verucal verucal : H : . . .
Hijath_ _H/banda_ mllgpphed field of two twin domains for whiclillb and

H=0TL The general evolution of the two gap energies with the

150

100 , I . -
field direction is summarized in Fig. 8.
50 ForHllc [Fig. 8@)]: The high-energy gap does not change
0 with field. This can be understood since this field direction
100 maintains the same spin symmetry as in zero field.

For Hlla+b [Fig. 8b)]: The decrease of the high-energy
gap reflects the decrease of the magnetic anisotrofas

rotates fromb (easy axig to [112] during the progressive
spin-flop transition.

For Hilb and Hlla [Fig. 8c)]: The fast decrease of the
intermediate-energy gap allows its attribution to the domain
with HIlb, for which Syr rotates fromb to c (spin-flop. In
contrast, the slow decrease of the high-energy gap allows its
attribution to the domain wittH|la, for which Sy remains
alongb.

The present study in magnetic field clearly shows that this
high-energy gap is linked to the magnetic anisotropy energy

w
(=]

(7.3
=)
Neutrons Counts/560 s.

Neutrons Counts/190 s.
=

d h) as in the pure compound. It strongly decreases as soon as the
0 I I i 1 1 1 1 I 0 X . . .
0 05 1 15 2 250 05 1 15 2 25 field deviates the AF spin component from theaxis. In
Energy (meV) Energy (meV) contrast, the additional low-energy gap observed Hda

) o +b, Hlla and Hllb [Figs. &8b) and §c)] increases linearly
FIG. 7. Energy spectra of magnetic excitationQeat(001) for with the field.

Lag Ca ;MNnO5 vs magnetic field, verticalla+b (left panels and
vertical HIlb anda (right panel$. Filled (empty) circles correspond
to data obtained with;=1.55 At (k;=1.3 A™1). These two experi- 3. Effect of the field on the spin wave dispersion curves
mental conditions are compared (g). All the gaps observed &=(001), and reported in Fig. 8,

] ) ] ) belong to dispersive spin wave branches, which are shown in
modes are observed in applied field. This rules out the sce=ig. 10. Figure 9 displays energy spectra obtained at different
nario of phase separation, with two distinétsand AF me- 4 _yalues, at constant field: 5 T foflla+b, and 3.25 T for

dia, where three modes are expected. o Hlla andb. The Hlic case, where no changes are measured
Hllb andHlla: Energy Spectra are shown in Fig(ffght compared to zero field, is not considered.
panely. At H=2T, the single mode observed Ht=0 be- ForHlla+b, at 5 T[Fig. 9 left panels and Fig. 1b)]: The

comesapparentlysplit, with a progressive transfer of inten- ghjft of the high-energy branch towards lower energies is
sity from the upper to the lower energy mode. AE3 T,  majnly due to the decrease of its gégiminution of the
when using a better resolutiofcf. comparison between  anisotropy energy Very surprisingly, the low-energy branch
ki=1.3 A andk;=1.5 A" in Fig. 7(g)], an additional peak  js now measurable at amyvalue. The shift of this branch
appears at low-energy as in the c&bea+b. Its energy in-  towards higher energy values nearly correspondstido
creases with magnetic field. We will see that this mode bengBH, the Zeeman energy. As previously mentioned, the

longs to the low-energy branch. Since only two branches argpservation of only two spin wave branches fbra+b rules
observed forHlla+b, two branches are also expected in gyt 5 phase separation scenario.

other field directions. Therefore we attribute the apparent for Hja and b, at 3.25 T [Fig. 9 right panels and
splitting of the high energy branch to the different behaviorsgig  1qc)}: A discontinuity occurs aroundy,. Up to

Q=(001) Q=(0,0,1.2, three well-defined modes are measu(ado

Horizontal Vertical Vertical high-energy modes related to two different domains and
as H/fe Hjja+b  H/band H//a the low-energy modewhereas only two modes are observed
Ty e [o” for Q=(0,0,1.25. _In Fig. 9 it is clearly seen t_hat for
o Zfee—e—e3gp 1 Q=(0,0,1.29, the intermediate-energy mode, attributed to
> . L o
g 15t 1L i HIlb, disappears and its intensity is transferred on the upper-
Es n 1L 1 energy mode which broadens. It becomes more damped and
g T=20K T=10K | T=5K flat with an energy around 2.7 meV. Such a flat level, which
05¢ 1r el R indicates magnetic defects in the CAF matrix, will be dis-
ol L e ey up T cussed below. This flat energy level is superposed to the
01234123450 1 23 high-energy branch foH|a, which is much less perturbed
H(D) H(D H () .
by the field.
FIG. 8. Field dependence of the gaps @=(001) for To _sum_marize, Whe_n applying the magnetic field alo_ng
Lag «Cay ;MnO; versus(a) horizontal magnetic fieldH|ic, (b) verti- any direction perpendicular to, strong changes appear in
calHlla+b, (c) verticalHllb anda. both spin wave branches:
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FIG. 11. Dispersion curves in tH60] and[££0] directions for
0 Lag 91SKh.0gMNO5; at H=0 T. The high-energy brancftircles has
50 been measured around t(@01) and (111) AF zone centers. The
low-energy branclifull triangley has been measured aroufid.0)
or (002 F zone centersgc~0.33 indicates the vanishing of the
intensity of the low-energy brandfiRef. 22.

0
1 2 30 1 2 3 4 . . .
Energy (meV) Energy (meV) on a flat energy level. This reveals a strong change in spin

dynamics, even much better observed i §:815 odMNOs,
FIG. 9. Energy spectra at four differe@ values and under \hich we consider now.

constant field for LaoCa ;MNnO;. Spectra were obtained with vari-
ous resolution conditiong varying from 1.3 to 1.55 AL On the
left panelsHlla+b andH=5 T. On the right panel$1=3.25 T and
Hilb anda. Only the spectrum aQ=(0,0,1.429 has been mea- The general character of the above observations on
sured until 4 meV. Lag «Cay ;MNnO; has been checked on a Sr-doped compound:
) Lag 91Sr, nOs. Figure 11 displays the dispersion curves
(1) The low-energy branch is now measurable at anya?gﬁé tﬁ'g%og] 3and?g’gO] directignsyin zero n?agnetic field.

g-value. The shift towards higher energies is approximatelyrye 4o opserved anisotropic spin waves branches are very

due2tog,uBH, whate;/r:ar tE.e rf]'eld dwecgon. h th ¢ similar to those measured in §.§Ca, ;MnOs.
(. ) Concerning the high-energy pranch, there are wo o magnetic field study was also carried out for this com-
main effects: as soon as the AF spin component leaves |E

IV. La .915r0.0dMNO 3

isb. th q S hift t d I ound. The magnetic field was applied along Ibhaxis (also
easy ?‘X'&fvth € gﬁpl ecreases. b oa z IM owards sma Ie ecause of twinning The variation of the Bragg peak inten-
energies of the whole curve Is observed. Moré Surprisinglisies s field(not reportedi leads to the same conclusions as
whenH is alongb, the spin waves are measurable only until

g S > for Lag Cay ;MNO3: a progressive spin-flop transition occurs
some criticalg-value d,. Then their intensity is transferred ¢ Haﬁ’g aé)AlF rota3tes pfrogr]n theb axFi)s o tF;\ec axis asS,

Vertical Vertical follows the field, rotating towards thke axis. ForHl|la no

H//a+b H//b and H//a spin-flop transition is observe@®,r remains along as S

3 HOT H=ST H=3.25T follows the field, rotating from the axis towards the axis.
K T=7K | b) T=10K| ) ,_T}_§T=7K The variation of the gaps @=(001) vs the magnetic

3. field (Hlla andHIb) is presented in Fig. 12. For the same
1 reasons as in laCa);MnO; the highest-energy mode
; is attributed to the domain for whictH|la and the
L 1L § intermediate-energy mode, to the domain for whidhb.
[ The highest-energy mode decreases smoothly from
1.8 meV(0 T) to 1.55 meV(3.5 T), while the intermediate-
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—t

—F \3

=] -
o8

e

L PR
—
|- s‘.:

| chr
0 L

0 0.3 0 05 10 0.5 1 energy mode abruptly decreases from 1.85 ni@W) down

[00C] (00C] [00C) to 0.8 meV(1.5 T). A further low-energy mode appears at

FIG. 10. Dispersion curves for baCa, ;MnOs along the[00¢] 2.5 T whlch belongs to thg low-energy branch. Its energy
direction atH=0 (a), verticalHlla+b andH=5 T (b), verticalH|b  increases lineary with the field.
(and Hlla) and H=3.25 T (c). The dotted lines correspond to an  ENergy spectra along tH@0¢] direction, in constant ap-
extrapolation of the high-energy branch with the same AF couplingdlied magnetic fieldH=3.5 T, andHlla and b axis super-
constant forH|la and H| b. g, indicates the limit for the observa- posed because of twinning, are reported in Fig. 13. As for
tion of the low-energy branch &=0 T. Lag oCa 1MNO;, three well defined modes are observed at
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FIG. 12. Field dependence of the AF gap @=(001) for [001+]

18001510, 0MNO3 vs vertical magnetic fieldH|Ib anda. FIG. 14. Dispersion curves for ka;Sty ogMnO3 along the[00¢]

_ . . . direction for verticaHIlb (andHlla) andH=3.5 T. The dotted lines
Q=(001). When increasing), a fourth mode appears, undis- correspond to a calculation of the high-energy branchHib and

persed, around 3 meV not reported on Fig. 14. Its intensity, 5 with the same AF coupling constamg, indicates the limit for
weak atQ=(001.]) and Q=(001.2 increases withg. For  he observation of the low-energy branchHt0 T.
der=g only two modes are observed belonging, respectively,

o the low energy-branch and to the flat energy level aroun(i?ransition occurs foH|lb. This transition is steeper in the

3 meV. The whole dispersion curves are displayed in FIgL%_g]_SI’QQdVl”O:.} case as indicated by the fast evolution of

14. The low-energy branch is the same for the domains Witi{h . _
. : e high-energy gap @=(001) for Hllb. In both cases the
Hla andHilb and appears at anyvalue, in applied mag- low-energy branch is visible at anyvalue and the high-

netic field. The high-energy branch shows essentially th%ner one is no more measurable beyapg~0.33 for
same features as in bga, MnO. The branch which starts H||bg1¥hen a flat level appears with a sli th?I% higher ener
at 0.8 meV, attributed to the domain witH|b, vanishes y ' bp ghtly ig oy

aboveq,,. Forq,=q, its intensity jumps onto the flat energy (3 meV) and is more easily measurable forgleg5io oMnOs
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 In previous studies on Ca- and Sr-doped manganites in the
the domairH|la, is measured in a largerange and therefore low-doping regime, we have shown that the magnetic ground
appears little disturbed by the field. state of these compounds consists of coupled ferromagnetic

To sum up, the behavior of ka,Sr ,dVINO5 is very simi-  nanosizeF droplets embedded in a CAF matfx?°leading

lar to that of Lg Ca, ;MnO3. The same progressive spin-flop to what we call anodulated canted statero field inelastic
neutron scattering experimeritshave revealed the presence
o Sr9% of two distinct spin wave branches, a high-energy one mea-
"emcalHIf/é"Sa;dH”"’ sured around AF zone centers and a low energy one mea-
‘ — 150 sured around= zone centers. Because of the properties of
Q=00 D these spin wave branch@dispersion, intensity, dampipgve
100 considered them as the magnetic excitations of this peculiar
modulated canted AF ground state. The present study in ap-
50 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 with- 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
0 has a component along theaxis, which is the easy axis for

the AF spin component. The continuous and simultaneous
variation of theF and AF Bragg peaks intensities indicates

FIG. 13. Energy spectra along thf00/] direction for that these peaks characterize the same magnetic phase and
Lag ;S 0dMNO3 in constant applied magnetic field=3.5 T and  not two distinct phases. The progressive character of this
Hlla and b. Spectra were obtained with various resolution condi-spin-flop transition can be explained by the presence of mag-
tions, k; varying from 1.3 to 1.55 AL netic inhomogeneities.

V. DISCUSSION AND CONCLUSION
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Second the field behavior of the gaps &=(001) and magnetic field has a component perpendicular toctlais.
Q=(002 allowed us to determine their origin. This underlines the mixed nature of this branch with ferro-
The major role played by thie axis, along which the AF magnetic characteristiosmall gap increasing by the Zee-
spin component is maintained due to the uniaxial magnetienan energy in magnetic fieldind the periodicity of antifer-
anisotropy, is illustrated by the field evolution of the antifer- romagnetism. This branch probably results from the interplay
romagnetic gap aQ=(001). This gap is equal to 2.7 meV between the intradroplets DE coupling and the interdroplets
for LaMnQOs, in zero field? In that case, its connection with coupling (SE) through the CAF matrix. When applying a
the energy of anisotropy is straightforward and the factihat field not parallel to the axis, the symmetry change induced
is the easy axis for the AF spins can be explained by thdy the rotation of the~ spin component could explain that
spin-orbit coupling and by the orbital ordering due to thethis branch becomes measurable at galue.
Jahn-Teller effect® In the doped compound, this gap still (i) The progressive spin-flop transition, in the catib,
exists, and, by continuity, it is related to the CAF matrix. induced a strong pertubation of the high-energy branch, as-
However, very surprinsingly, its value, 1.9 meV, remainssociated with the CAF matrix, which can be only measured
constant in the doping range where the CAF state efgsts  at smallg-values. The observation of a flat energy level near
Fig. 14 of Ref. 20, while the other parametersuperex- the zone boundary indicates the presence of defects in the
change integrals, spin wave stiffness constant of the low ercAF matrix that prevent the collective AF spin wave mode
ergy branch vary with doping. These observations gquestionto propagate on a small scale. We note that the value of this
on the exact nature of this gap in the CAF state. The presetevel (2.7 and 3 meV for the Ca- and Sr-doped compounds,
measurements in applied magnetic field, prove that this gagespectively is close to the value of the high-energy branch
which strongly decreases as soon as the AF spin componeat the zone boundary in zero field. This flat energy level
rotates away from the axis, is still connected to the aniso- corresponds to a first-neighbor coupling. We can explain
tropy energy. In the caddl b, its dramatic decrease is asso- these defects by the inhomogeneous character of the mag-
ciated to important perturbations in the spin dynamics. netic ground state. They could originate from spins which

The low-energy gap measuredQ@t (002 in zero field is  have not rotated during the progressive spin-flop transition
ten times smaller than the high-energy g@19 meV for  and remain attached to tleaxis. When the magnetization of
Lag CayMnO; and 0.14 meV for Lgy;SryodVInO3). This  the droplets rotates with the field, it drags the neighboring
indicates a low anisotropy along thleaxis for theF spin  spins of the CAF matrix but may leave the farthest spins
component so that it can easily follow the field. Whatever theunchanged. The consequence of such defects is that, for short
field direction, the energy of this gap is nearly shifted by thewavelength, the AF collective mode cannot propagate. Only
Zeeman energygugH as expected in the case of a ferromag-coupling between first-neighbors are observed. For larger
netic spin wave branch. wavelength(small ), spin waves are not sensitive to these

Finally, the study of the dispersion of the two spin wave defects and the collective dispersed AF mode is measured.
branches in magnetic field provides further information onWe note that the progressive spin-flop transition is less dis-
this modulated CAF ground state. turbing in the casédlla+b, where the AF spin component

(i) The zero field stud? has already rules out the possi- partially remains alond. Here, this flat energy mode is not
bility of a homogeneous CAF ground state since no crossingneasured. These observations emphasize the importance of
of the two spin wave branches was observed at the zonde spin-lattice couplingeasy magnetization axis alorp
boundary along the axis as expected in this case. For all for stabilizing this modulated ground state.
that, the observation of two spin wave branches lying in This study, in a moderate magnetic field, of the static and
separated]- and energy-ranges does not truly correspond talynamic magnetic properties of the low-doped manganites,
that reported in antiferromagnet with extrinsic impuritiés. allowed us to confirm our picture ci modulated canted
In the present case, the low energy branch does not conf$atewhere theF and AF components are strongly coupled.
from a flat energy level of impurities that should modulatelt definitively rules out a scenario of either a mean CAF
when increasing the concentration of impuritl€sThe  ground state or a phase separated state.
present study in magnetic field, where we still observe two

spin wave branches instead of three, as expected for a phase ACKNOWLEDGMENTS
separation betweeR and AF areas, also definitively elimi- The authors are very indebted to G. Biotteau for his con-
nates this possibility. tribution to first measurements in magnetic field. One of the

(i) The low-energy branch is measured at apyalue, authorgM. H.) acknowledges A. Pimenov and A. A. Mukhin
even around thé001) AF zone center, as soon as the appliedfor fruitful discussions.
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