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Magnetic coupling induced by hole doping in perovskites La_,Ca,MnO;:
A neutron scattering study
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Elastic and inelastic neutron scattering has been used to study static and dynamic magnetic properties in
Ca-doped LaMn@ perovskites in the region of low dopir§% and 8% and to determine the phase diagram.
In addition to the spin-wave branch related to the superexchange coupling between Nfieli@mmagnetic in
the basal planes and antiferromagnetic along the direction perpendicular to sheew type of ferromagnetic
spin excitation branch is found induced by hole doping. This is revealed by well-defined propagative spin wave
modes with a gap and a nearly isotropic dispersion law at sgnadlues:w = wy+Dg?. At Ty, these modes
change from a collective to a diffusive character. The width in energy associated to the quasielastic scattering
exhibits a similar dispersion laW: =T+ dg?. All these results are compared with other experimental results
on similar compounds and discussed in the frame of existing thep86463-182009)02241-9

[. INTRODUCTION tion of the superexchange integrals and the single ion
anisotropy constartf.!° In one of the first accounts of the
Manganite  compounds  with  general  formula spin dynamics concerning the=0.05 compound, it was re-
R;_,AMnO; (R=La, Pr, Nd, etc. and\=Ca, Sr, Ba, Pb, ported that a new spin-wave branch appears in addition to
etc) have recently attracted a renewed interest because #hat attributed to superexchangeAlso, a diffuse scattering
their spectacular transport properties, in particular their coof magnetic origin, showing @ modulation, was observed
lossal magnetoresistan¢éMR) around a critical valuex, . and mte_rpreted as coming from a liquidlike distribution of
For a dopingx=Xx., these materials undergo a transition Magnetic droplet§. _ , _
from a high-temperature paramagnetic insulating state to a 1€ré We report the main results concerning the phase dia-

low-temperature ferromagnetic metallic state. The physicgram' the supgrexphange coupling constants, and the extra
driving this transition is not yet fully understood. magnetic coupling induced by hole doping in Ca-doped com-

In the double-exchange model of Zehee mobility of pounds withx=0.05 and 0.08. This paper is organized as

the holes is favored by a ferromagnetic spin alignment. BuLollows: after giving some experimental details in Sec. Il, we

is the th | spin disord | ible for the high resent the phase diagram in Sec. lll. In Sec. IV we report
IS the thermal spin disorder alon€ responsibie for the Nighy, spin-wave dispersion branches. In Sec. V we present the
temperature insulating phase? What is the role of the form

; ; : 2 'OM&asults concerning the temperature behavior of both excita-
tion of magnetic and/or lattice polaronsMay any spatial  {ions. Finally, in Sec. VI, our results are discussed in a larger

inhomogeneities in electronic dendit§ play a part at the context.
transition?1°

We address these questions by studying compounds at
low doping,x<<X., where structural and magnetic transitions
take place although the systems remain semiconducting, in Single crystals of La_,CaMnO; with x=0.05 and 0.08
the whole temperature range. In contrast, much attention hagith a volume of about 0.5 cfand a 0.6° mosaic spread,
been payed to systems wikex, with CMR properties in  have been grown by the floating-zone method in an image
the last years. Approaching the insulator-metal transition afurnace. This technique has been fully described in Ref. 17.
low temperature by varying, we hope to evidence possible  Each sample was mounted on an aluminum block in a
precursor effects. Among possibecations, we have chosen double stage helium closed cryogenerator. The regulation of
calcium since La ,CaMnO; exhibits the most striking temperature was driven by a digital temperature controller
CMR effectst! This may be related to a stronger oxygen and the stability was better than0.03 K in the whole tem-
octahedron tilt induced by the smaller tolerance fdétdtan  perature range.
in the case of Sr, for instance. These Ca-doped compounds Neutron-scattering experiments were performed on triple-
were studied in the pioneering experimental and theoreticadxis spectrometers installed at either thermal or cold neutron
works of Goodenouglt Wollan and Koehlet* de Genne$®  sources at the reactor ORPHEE of the Laboratoireni®ril-

II. EXPERIMENT

and Matsumotd® louin. These spectrometers are equipped with vertically fo-
In a previous work, we have determined both the mag-cusing monochromators. For elastic measurements, flat ana-
netic and crystalline structure of pure LaMa&*®In addi-  lyzers were used. An incident neutron beam, with a wave

tion, spin-wave measurements have allowed the determinaector k;=2.662 A1 and a graphite filter was selected.
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S 0.4 Bragg peak forx=0.050.08. In thecase ofx=0.08, it appears a
é hollow at T=175 K may be due to a structural phase transition.
= o2 This must be clarified in a future work. Lines are guides for the eye.
4 i The arrow showd .
including the directionsf110] and[001], i.e., a* +b* and
c*. (Throughout the paper, we will use orthorhombic nota-
o.s| tions)
0.6 | I1l. ELASTIC-SCATTERING MEASUREMENTS
0.4 The thermal evolution of the intensity of the Bragg peak
s (001), 1(001), makes it possible the determination of the
Neel temperaturéFig. 1). In order to compare the values of
0.2 Ty for the three different systems=0, 0.05, and 0.08, we
i have plotted the square magnetic order parameter, i.e.,
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FIG. 1. Temperature dependence of the normalized intensity OigggnlgngéZ]aTizuéfait:gaegfltg(g; (iastgisa Ir;ote;u:g ;Iilterf d
the AF (001) Bragg peak forx=0,0.05,0.08. Thearrow shows ) [ piay 9.

Ty, for the three compounds. The values Bf are found to
decrease witlx. Moreover, in the case of doped compounds
Neutrons withk; = 1.55 A1 filtered by a beryllium crystal, (x=0.05 and 0.08), the temperature behavior of the intensity
were chosen when a bettgrresolution was required. For of the Bragg peak$002), (110, and(112 (Fig. 2, has al-
inelastic neutron-scattering measurements, we used a hotpwed us to detect a further ferromagnetic phase transition:
zontally focusing analyzer to increase the signal. At low temthe intensity of(002 Bragg peak is almost constant in the
perature, positive-energy transfer scans were performed #thole range of temperature, whereas the intensitigd 1)
constant scattered neutron wave vedipiwith appropriate  and (112 Bragg peaks increase on cooling, with a sudden
filter in front of the analyzer. Different final wave vectors change of the slope below a critical temperatiig, As an
(k;=2.662 A, k;=1.97 A%, k<155 A"') were se- example, the thermal variation of th@12) Bragg-peak in-
lected according to the energy ranges of the study. All oukensity of both crystals is shown in Fig. 2. We deduced from
spectra have been fitted with appropriated scattering fundhese results that a ferromagnetic component appears along
tions S(Q,w) convoluted with the resolution function of the the ¢ axis. For thex=0.05 compound, a3 is lower than
spectrometers. Tn, we concluded that the system displays a canted antifer-
As a result of high-temperature structural phase transitomagnetic phas¢CAF) below T¢. In the case of the
tions from nearly cubic phases, the three studied crystals of 0.08 compoundl¢ is =Ty, so that the system becomes
Pbnm symmetry €/v2<a<b) are twinned at room tem- first slightly ferromagnetic(F) then CAF. Assuming Mn
perature. That means a given direction in the scattering plangpins lying in theb-c plane, we have determined their de-
corresponds to two, or even three, distinct axes of theiation angled from b (Fig. 3). We recall that even in pure
orthorombic domains. This problem and the way it may beLaMnO;, due to a small antisymmetric Dzialoshinski-
solved was widely explained in Ref. 17. The three studiedVoriya coupling, F spin component has been fotfriaut the
crystals have been aligned with a horizontal scattering planeanting angle is too small to be detected by neutron diffrac-
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FIG. 3. Magnetic structure of La,CaMnO;. Magnetic mo-
ments are assumed to be confinedhinc) plane and are tilted by a
canting angled with respect td or —b. FIG. 4. Magnetic phase diagram of L 5CaMnO; system. Full
circle, Ty ; full triangle, T¢. Points atx=0.1 and 0.20 have been
tadded, they are obtained from preliminary results. The thin line
1represents the beginning of the magnetic phase diagram in the same
system, reported by Schiffet al. (Ref. 23. Empty symbols repre-
sent the phase diagram in the low doping rate range of the
La;_,Sr,MnO; system reported by Kawaret al. (Ref. 22. Thick
Giines are guides for the eye.

x Ca

tion. All these results are gathered in Table I. The so-buil
magnetic phase diagram is shown in Fig. 4. Two lines o
magnetic transitions cross neea+ 0.08: Ty decreases while

T¢ increases with doping. The occurrence of a canted anti
ferromagnetic state is qualitatively in agreement with th
predictions of de Genné&sin the frame of a mean-field
model. However in our case, the slopes are much less steep . . .
than in de Gennes’s calculations. Actually, the homogeneouzo'05 compound. This can be explained by the presence in

picture of the so-called canted antiferromagnetic state, whert IS Ia_lt_ter corrlpound, Of. isolated, noninteracting magnetic
a ferromagnetic component exists ah Mn sites and the impurities Mrf*. Indeed, in that case, we have found local-

inhomogeneous picture of coexisting ferromagnetic and anz€d magnetic impurity modes, observed by inelastic neutron

tiferromagnetic regions as proposed by several authdrs, scattering® The reduction of_ AF correlations might be re-
cannot be differentiated without a magnetic field. Several2t€d t0 the value of the critical exponept of the order

arguments are in favor of a homogeneous magnetic phasBarameterFig. 1). The value observed for=0.05(0.43 is
they will be discussed in Sec. VI. rather close to that given by the mean-field Landau theory

(0.5 where fluctuations are neglected. These isolated™n
ions should prevent the growth of the AF correlation length,
except in the close vicinity of .

The phase diagram of La,CaMnO; for the low values
of x, is similar to the phase diagram determined in
La; _,Sr,MnO; by Kawanoet al?2 where, fromx=0.075, a
ferromagnetic transition also appears at temperatures greater
thanTy . In thisx range, our phase diagram is different from
that published by Schiffeet al® We point out that we have V. SPIN WAVES
not detected superstructure reflections compatible with a In the following we present inelastic neutron-scattering
charge ordering for low doping, as reported (Ref. 249.  measurements for the=0.08 compound and compare them
Instead, we have observed an elastic diffuse scattering showith those obtained in pure and x=0.05 doped com-
ing a nearly isotropi@ modulation characteristic of a mag- pounds. In pure LaMnQwe have detected only one spin-
netic short-range ordét. wave branch. Its dispersion may be related to the superex-

Finally, in the compound witlx=0.08, as well as in the change coupling between Mn ions and the gap measured in
pure compound, well-defined antiferromagneti&F) spin  this branch has been attributed to the single-ion anisottbpy.
correlations persist at temperatures much higher thgn For thex=0.05 sample, in addition to the “superexchange”
(Fig. 5. However, they are much less developed in the spin waves, new spin dynamics appear. These excitations are

TABLE I. Summary of values of the cant angle, magnetic transition temperatures, exchange integrals,
anisotropy, gap and stiffness of the extra braachw,+ Dg? for the three studied samples.

X f(deg Tyn(K) Tc((K) J;(meVv) I, (meV) C(meV) wy(meV) D (meVA?)

0 139.5-0.3 0.83-0.04 —0.58+-0.02 0.170.008
0.05 5+1 133+0.3 123t0.3 0.91-0.04 —0.33£0.02 0.15-0.008 0.9%0.02 4.5:0.1
0.08 13-1.5 122£0.3 126-0.3 1+0.04 -0.28-0.02 0.16:0.008 0.5-0.02 7.3:0.1
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) ) ) FIG. 6. Inelastic spectra taken a=(00{) at 17 K in
FIG. 5. Antiferromagnetic correlationsa) LaoeXCe,0MNOs, | g, 4,Ca, ,MnO;. For the sake of clarity, an offset of 100 is added
T=140 K, (T—-Ty=18 K), k=155 A"l The correlation 5 each spectrum. The dispersion of the spin waves is clearly seen
length is ~8 A. (b) LagosCaoMnOs, T=150 K, (T=Tn  from the center to the zone boundary where an additional peak
=17 K), ki=2.662 A%, spectrum measured with a double-axis gppears at smaller energy. This is the zone boundary excitation
spectrometer; AF correlations are very smiake text The small  pe|onging to the low-energy spin-wave branch measurable only in
peaks riding the Lorentzian profiles are due to the second-ordgfe (002 zone (see text The inset shows a similar energy scan
harmonic in the incident beam reflected by 082 Bragg peak, measured in Lgo:Ca oMnO; at Q=(001.2). We can see that lo-
revealed because of a long-counting time. calized magnetic impurity modes appear from 3.5 to 6 meV. They
do not exist in Lg g Ca ogVINO3. The lines are the best fits given by
located in a lower-energy range and coexist with localizedhe convolution ofs(q,w)z[n(ﬁw)Jr1][Const[(a,_wq)2+rg]
magnetic impurity mode$, with the spectrometer resolution function.

A. High-energy spin-wave branch measurements concerning the three samples in this range of
energy are displayed in Fig. 7 with empty symbols.

In the three compounds, this “high energy” spin-wave
anch exhibits a gap. Surprisingly, the value of the gap
abruptly changes from 2.6 meV in the pure compound to 1.8
meV for both x=0.05 andx=0.08. The energies of spin
waves are lower fox=0.08 than forx=0.05 along the di-

5 ) rection[001]. In contrast, in the basal ferromagnetic plane,
values:® or from the F Bragg peakl10) in other cases. In along the[110] direction, the energies slowly increase with
Fig. 6 we present some experimental spectra registered along, doping.

[001] at low temperature (=17 K). From similar spectra, These spin-wave dispersion curves have been associated
we have deduced the spin wave energies and thelisper- it 5 superexchange coupling renormalized by the double
sion. In spite of the disorder induced by doping, we may segychange, only first-neighbor interactions through oxygen
that the damping of these modes is very smal§a0 and  honds are considered. We describe the spin system by a

slightly increases until the zone boundary. At this poifit (' Hejsenberg Hamiltonian with single-ion anisotropy as in
=1.5), the spectrum exhibits a second peak at a lower ergef 17:

ergy that belongs to another spin-wave branch, as it will be

discussed below. For=0.08, the observations of propaga-

tive modes have been easier than %er0.05 because they H=— J.ss—c> s
are not shaded by local mod8gsee inset of Fig. 6 All .EJ 1535 Z b

Similarly to the pure and th&=0.05 samples, in th&
=0.08 compound we have focussed on the spin waveg
propagating alon§001] starting from the AF peakd01) and
along [110Q] starting either from the AF Bragg pedk1l)
where the dynamical structure fact@re., the root of the
intensity of scattered neutronds maximum at low g
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A(Qn .9k ,qL) =2J1{2—cog m(qu+ k)]
—cog m(qy—ax)]}—2J,+C,

B(9)=B(gqu,9k,q.) =2, cog7qy ),

S=2.

The values ofl,, J,, andC have been obtained as follows:
J, andC have been determined from the fit of the dispersion
curve along thg 001] direction[Fig. 7(b)] with the expres-
sion of w(0,00,) deduced from the above relations. Then,
these two values aof, andC have been kept constant during
the fitting process of the dispersion curve along [h&Q]
direction[Fig. 7(a)], which has provided the value df.

It can be seen in Fig. 7 that this model agrees rather well
with the experimental data except for a small discrepancy in
the the[110] direction. As seen from Fig.() and Fig. 7a),
the antiferromagnetic coupling,| that is responsible for the
dispersion of the spin waves alomj, decreases as in-
creases, while the ferromagnetic couplihgthat is respon-
sible for the dispersion of the spin waves in the basal plane,
increases. This behavior is generally explained by the in-
creasing influence of the double-exchange coupling upon
doping. Indeed, the hopping of mobile charge and spin car-
riers is favored by ferromagnetism, therefore the increase of
carrier density strengthens the ferromagnetism and lowers
the antiferromagnetism. The numerical results are summa-
rized in Table I. In the case of pure LaMp®©ur results very
nicely compare with the predictions given by Feinberg
et al?® and by Ols?’ These authors calculat®, and J,
from a spin-orbital model which fulfills the symmetry con-
ditions for S=2 spins and where the Jahn-Teller effect plays
a predominant role. In a recent paper, Feiner ang?®kp-
ply the same theory to the case of doped compounds where
exchange integrals are “renormalized” by the finions.

Our results are in a good qualitative agreement with these
calculations.

FIG. 7. Spin-wave dispersion curves for pure and doped com-

pounds(a) Along the[110] direction.(b) Along the[001] direction.
Empty symbols represent spin waves related to superexchange. The

B. Low-energy spin-wave branch

lines through them are fitted dispersion laws resulting from the  As already observed for= 0_05,2°in addition to the “su-
diagonalization of a Heisenberg Hamiltonian. Full symbols repreperexchange” spin-wave branch, fae=0.08 we have also
sent the new spin-wave branches connected to the magnetic coghserved a branch of well-defined and dispersed magnetic
pling induced by dopingsee text In this latter case, lines are excitations. As an example, inelastic spectra registered along

guides for the eye. Hatched area represents a narrow energy bafk [110] direction, starting from thé110 Bragg peak, are
separating both kinds of spin waves.

shown in Fig. 8. In Fig. 7, we have represented these new
branchegfull symbolg together with “superexchange” spin

In this model, the anisotropy term is responsible for the gagvaves for both Ca-doped crystals. Interestingly the local
observed in the spin-wave spectra. Two exchange integralgagnetic modes existing in the 5% compound are no longer
are neededJ; >0, a ferromagnetic coupling between first observed forx=0.08, this seems to indicate that the local

neighbors in the basal plana,p) andJ,<0, an antiferro-
magnetic coupling between first neighbors along ¢heexis

modes are typical of the lowest doping rafdgeurthermore,

the inelastic neutron-scattering intensities are stronger for

(Fi_g. 3. The classical _HoIstgin-Primakoff approximation for higher doping values. As increases, the low-energy spin-
spin waves propagating with the reduced wave vecfor wave branch becomes more and more prevailing at expense

=qua* +qxb* +q.c* is used. The following dispersion of the exchange spin-wave brangh particular along110]).
law is deduced:

w(q)=2SVA(q)*—B(q)?,

A(Q):A(QH Ak qu)v

Preliminary results on 8= 0.1 Ca-doped compound confirm

these observations. These extra magnetic excitations have

been measured following three directions: al¢8g1] start-
ing from the(002) Bragg peak, alon§l10] starting from the

(110 Bragg peak, and alonfgl12] starting from the(112

Bragg peak. The measured energies as well as the energy-
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FIG. 8. Energy scans of the new spin-wave branch at different & L
values ofqg along[110] at 14 K. Note the strong change in the S 300 [ ——[110] ]
intensity with increasing). ’E ® —[002]
& [ A-[112]
integrated intensities are plotted versusalues in different = 200 | \*\% 1
directions in Fig. @a) and 9b). These new spin waves have z L %
several specific featuref) their energies are always within LT~ ~
the gap of the “superexchange” spin wavés) They have a 100 ' - ]
ferromagnetic character, indeed they cannot be measure [ ~A —
around any Bragg peak associated to antiferromagnetic orde oL i SRR
(h,h,2l+1). However, they display the symmetry of the 0 0.1 0.2 0.3 0.4
canted antiferromagnetic lattice since they flatten at q(A'l)
(0,0,0.5), the zone boundary {i001] direction (the zone ) o o
boundary cannot be reached aldig.0] because of vanish- FIG. 9. (8) New spin-wave branches in different directiofis)

ing intensity. So, they behave dsue magnetic eigenmodes Energy-integrated intensitM(q) of the new spin-wave branches.

of the whole systentiii ) The intensity of these excitations in

dependence on the direction of propagation, is described byeasurements that revealed the existence of static mag-
the geometrical factor i~k§ (with ~kz as the component of netic inhomqggneities or drople’Fs. The clusters have an av-
the unit vectorQ/|Q| along the magnetization ayisThis ~ €'age size similar to the correlation length of the Iovy—energy
suggests that the spin components involved in this motio@Xcitations. All these features of the Iow-ene(r)gy Spin waves
remain more or less confined in thec plane, but the twin- Were already present in the=0.05 compound? but in the
ning of the crystals does not allow us to be more conclusiveS@s€ 0fx=0.08 they are more enhanced.

(iv) Assuming a dispersion law for low values: o= wq
+Dg?, the gapw, of this extra spin wave branch strongly
decreases withx, while the gap of the high-energy branch
remains constant witlkx. The stiffness constard appears Now we present the behavior of both types of spin waves
nearly isotropidsee Fig. 8a)], it increases upon dopingv)  as a function of the temperature. We shall concentrate on the
Another very interesting result related to these extra spin8% compound. The magnons@#0, g=(0.25,0.25,0) and
wave modes concerns their intensity. Inspection of spectré0.5,0.5,0) of the high-energy spin-wave branch have been
displayed in Fig. 8 evidences that the intensity of theseselected. The variations of their energies with temperature
modes steeply decreases with increasing g. Indeed, thedre reported in Fig. 10. This “superexchange” spin-wave
energy-integrated intensi§(q) = f S(q,»)dw does not have branch behaves as expected for usual localized spin lattices
the normal spin-wave behavior 1/w,, where w, is the in insulators[see, for instance, the study of spin waves in
spin-wave energy for the propagating veaipmpredicted by  EuO (Ref. 30]. As the temperature is approachifig, long

Mori and Kawasaki on the basis of the Heisenberg métel. wavelength magnons smear out into the hydrodynamic re-
S(q) appears to fall down rapidly up tq=0.2 A"! [see gime (@—0, w—0) while the energy of short wavelength
Fig. 9b)]. This suggests the existence of instantaneous femagnons, although renormalized, remains finite, even above
romagnetic correlations inside the mean canted AF structurd.,. Note the two different scales of energy in Fig. 10, the
If S(q) is fitted with a Lorentzian law, a characteristic cor- one for the gap and the other one for the two laggealue
relation length of~9 A is found. The last feature may be magnons.

related to the results of recent elastic neutron-scattering The temperature behavior of the low-energy spin-wave

V. TEMPERATURE BEHAVIOR OF SPIN WAVES



PRB 60 MAGNETIC COUPLING INDUCED BY HOLE DOPING IN . .. 12 305

20 LI S B | B B B S B S S B B S S S m pa ||...A ..... 5 2000"|""|""|""I""I""I""I"
[ ‘ . ] r La, ,,Ca, ,MnO,
| ] T,= 122K
r -4 r Q=(0021)
15+ T 1500 4
r —&— Gap r
—8—q=(0.25,0.25,0) ] s T=140.6K
> —a—q=(0.5,0.5,0) 43 ® s T=122K
o
- - 1000
g g
= 42 ]
= ] Z
500
41
0 PR R T SR ST SR ST T [N T SO ST TN ST ST SN SO WA T S S L 0 0 | . . . . | |
0 50 100 150 0.3 0.2 0.1 0 0.1 0.2 0.3
Temperature (K) ' ' 'Energy(mev) : : ’

FIG. 10. Renormalization of superexchange magnons upon tem- g 12 Quasielastic spectra measure@at(002.1) at 122 K
perature increase. Note the change of energy scale for the gap 9fhg 140.6 K. Dotted lines represent fits with a Lorentzian law. In
the right side of the figure. this energy range, the quasielastic scattering by damped superex-

. i change spin waves spreads along like a constant background.
branch has also been investigated. As an exemple, spectra

taken atQ=(0,0,2.1) at different temperatures beldy are  pear as a flat background. In Fig. 13 we have represented the
displayed in Fig. 11. They show a strong energy renormalenergy-integrated intensityl(q) of this peculiar mode a®
ization asT approached'y. The corresponding values, de- —(0,0,2.1), =0.1), in the whole studied temperature
duced from a fit to a Lorentzian law, are depicted in the insetange, in the ordered magnetic phase as well as abque

of Fig. 11. Then, aroundy, the scattering becomes quasi- N(q) is defined from the scattering functi®{q, ), that is
elastic, which is characteristic of a diffusive mode. The specnroportional to the product of the Bose factor by a general-
tra measured ay and atTy+18 Kare showninFig. 12. It jzeq  susceptibility: [1+n(fw)]x(d,»), so N(q)

is clearly seen that a well-formed quasielastic peak stands. [, (q, w)dw behaves as a magnetic susceptibijtg). It

out from the elastic incoherent scattering. Within this lowcreases with temperature, exhibits a maximum ardtjpd
energy range, the damped “superexchange” spin waves apynq then decreases abovg.

Furthermore, afl, we have measured the quasielastic

200 T e @ wmmo. L« | scatteringall along the [001] direction, starting from the
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FIG. 13. Energy-integrated intensity(q) at q=(0,0,0.1) ver-
FIG. 11. Spectrum of a magnon of the new spin-wave branch, asus temperature(The effect of Bose factor has been taken into
g=(0,0,0.1), at various temperatures. In the inset, the temperaturaccount. Note the maximum around the "Bletemperature Ty
behavior of its energy is represented. =122 K).



12 306 F. MOUSSAet al. PRB 60

87— T T T (i) N(qg) is higher in the case of larget The two N(q)

i La Ca MnO values differ by a factor of at least 2. This supports the idea
0.7 ¢ oo ] that the new spin excitations are related to the charge carriers
o6 | —®—x=8% T=T =122K ] introduced by doping(ii) Theq dependence dfl(q) reflects

the existence of instantaneous ferromagnetic correlations.

—a&— x=5% T=T_=133K )
N These correlation lengths, as measure@ gt appear smaller

. 05 ¢ ] than those measured at low temperature and they weakly
2 04 [ ] depend uporx. So, the temperature behavior of the excita-
CHRE ] tions confirms the magnetic character of the new branch and
= 03 i 1 its specific features that are different from these of the spin
T ] waves related to superexchange.
02 | .
1 VI. DISCUSSION AND CONCLUSION
01 F ]
E q(A™//001 ] Our measurements demonstrate that, in the low doping
Y Y N B, regime, two kinds of magnetic coupling exist in the Ca-
0 0.1 0.2 0.3 0.4 0.5 doped perovskites as revealed by two branches of spin

waves. One is easily attributed to superexchange coupling,
renormalized by the doping. The ferromagnetic exchange in
the basal planes increases with while antiferromagnetic
. exchange along decreases witk. The lifting of degeneracy
point (002.D. In contrast to the “superexchange” branch ot the spin waves in the canted AF system cannot be put
where only long wavelength magnons become diffusiveioyard to explain all the features of the low-energy spin-
modes atTy, all spin wavesrelated to this new branch \yaye branch. In particular, the canting angle is too small to
renormalize to zero energy and lose their character of coIIec‘éXmam the observed values of energy gaps. These extra
tive mode. The quasielastic scattering function can be fitteghagnetic excitations have specific features distinct from su-
by a lorentzian law, cen';ered or21 zero energy and with Ferexchange spin waves in insulatof: they appear with
width I'(q): $(q,w)*1[»°+T'(q)°]. We have found that qoning and are of ferromagnetic character since they can be
the dispersion of the width’(q) follqwg approximately a  measured only around F Bragg peaki. Their dynamical
law of the form: I'(q)=To+dg? Similar measurements magnetic structure factor indicates some kind of short-range
have been performed on th&=5% compound Tn  ferromagnetic ordexiii) When compared to high-energy ex-
=133 K). The behavior off’(q) for both compounds is citations, they exhibit a different temperature behavior.
shown in Fig. 14. We observe thdtincreases withx while  \oreover, from these results, and our recent elastic diffuse
I’y decreases. The dispersion law of the willity), as well  scattering measuremerffsa weakly inhomogeneous mag-
as the Variation OFO andd with X, iS Similar to the behaVior netic phase emerges |eading to a Scheme Of h0|e_p00r and
of the dispersion law of the low-energy spin wawe=wq,  hole-rich regions (MA" or O~ ions). This resembles the
+Dq? at low temperaturésee Table). Moreover, the finite  theoretical predictions of electronic phase separatiba)-
value of 'y prevents the divergence af(q) at Ty. though not achieved in the present case. As mentioned in
Finally, Fig. 15 presents, in comparable units, the energysec. 11l, some arguments are in favor of a canted antiferro-
integrated scattering intensily(q), measured afy, for both  magnetic state and not in favor of a coexistence of F and AF
compounds. Two important aspects deserve to be mentioneggions.(i) If F regions should exist, we should have mea-
sured nearly isotropic spin waves, which is not the cakse (

FIG. 14. Comparison of the dispersion of the energy width of
quasielastic scattering at, for both 5% and 8% compounds.

% 7 >0, J,<0). As to the new spin wave branch related to the
F La_ Ca MnO ] doping, although isotropic at low values and of ferromag-
600 1 et netic nature, it is symmetric with respect to the zone bound-
} —®— x=8% T=122K | ary in thec* direction, which is characteristic of the AF
500 - —&— x=5% T=133K 7 order. (i) Moreover, recent measurements on Bragg peaks
} ] under applied magnetic field strengthen this picture. This
400

] will be published elsewher¥.
] A first attempt to explain the dispersion law of the low-
energy magnetic excitations could be to use the double-
exchange model. This model couples the probability of hop-
ping of the charge carriers to the ferromagnetism. The
stiffness constanD is predicted to be connected to the
double-exchange coupling responsible of the canted AF
. ] ground state/ Docsin(d)] by de Genne$® As the canting
o] angled is small, it would induce a small value BX. But this
0 0.1 0-31( A.l)//[oofjf’ 04 05 mean-field model does not explain all of our results, in par-
ticular the inhomogeneous features. We could also assume
FIG. 15. Comparison of the energy-integrated inteniiigg) of  that holes are mobile inside the droplets making them quasi-
quasielastic scattering at, for both 5% and 8% compounds. metallic. Then, the stiffness constdhof the new spin-wave

300 [

N(q) (arb.unit)

200 [

100 |
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branch could be related to the width of the conduction bandetic resonance measurements on Sr-doped compounds re-
and tox as proposed by the model for ferromagnetic metalsseal two distinct modes fox=0.05 that might be related to

of Kubo and Ohatd? In this framework the quasimetallic our observation® In contrast, many neutron-scattering
inhomogeneities could be the precursor effects announcin@orks exist on highly doped systems that display a metal-
the ferromagnetic metallic phase observed above the criticghsulator transition. Clausest al>* use the concept of mag-
value of dopingx.=16%. D could be small because of the netic polaron® to interpret their diffuse coherent quasielas-
small values ok and the weak conduction bandwidth. Actu- tic neutron-scattering experiments. Lynat al®* find

ally, the strong distortion of the oxygen octahedra modifies‘unusual” relaxational spin correlations in addition to nor-
the hybridization betweed orbitals of Mn andp orbitals of mal spin waves, in a polycrystalline Ca-doped compound
O and induces a narrow electronic conduction band. Anotheyjith x=33%. De Teresat al3’ associate the “small polar-
explanation could be thd is connected with the weak cou- on” concept to ferromagnetic clusters in order to explain the
pling between the droplets through the average magnetic laknomalies appearing at. in polycrystallinex=33% Ca-
tice. This coupling would be possibly responsible of theirdoped compound. Fernandez-Basaal*® also invoke mag-
liquidlike organizatiort* Moreover the gap of the new netic clusters al in a similar case. All these findings are
branch could be due to an anisotropy of the net magnetizaelated to the present results, except tatjow values of
tion of these droplets that might be smaller than the aniSOtdoping rate these ferromagnetic inhomogeneities can de-
ropy of the mean magnetic lattice. Other possible couplinggelop within a canted antiferromagnetic phase so that their
responsible for these new spin dynamics can also be merpecific magnetic coupling can be revealed by propagation of
tioned, as, for example, the coupling of the spins with thecollective excitations. How do the spin dynamics evolve
long-range ordered Jahn-Teller distortion as introduced b¥rom the double-branch state reported here into a state with
Millis? and Raler et al®® To detect any lattice or atomic only one branch characteristic of a ferromagnetic metallic

mode component requires polarized neutron experiments thghase? Future work ox=0.1 andx=0.15 Ca doped com-
have not yet been performed to our knowledge. Until now allpounds should answer this question.

our measurements, and especially the temperature-dependent
studies, have shown that the magnetic character is dominant.

There are very few spin excitation studies on doped man-
ganites in the low doping regime. In the case of La com-
pounds weakly doped with Sr, to our knowledge, published It is a pleasure to thank Dr. A. M. Oldsr stimulating
neutron-scattering measurements do not mention any furthetiscussions and M. Braden for discussions and critical read-
low-energy spin wave¥:*® However, recent antiferromag- ing of the manuscript.
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