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Spin waves in the quasi-two-dimensional ferromagnetic bilayer manganite LaSr; gMn,0-
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We have used inelastic-neutron-scattering measurements to investigate the magnetic excitations in a layered
manganite La,Sr; gMn,O; which shows colossal magnetoresistance behavior. We have measured the disper-
sion of both the acoustic and the optic modes alph@0] and [001]. By analyzing these results within an
effective exchange model of weakly coupled ferromagnetic bilayers we have determined the complete set of
intra- and interbilayer exchange interactions of an effective localized spin model. We discuss evidence for the
guasi-two-dimensional ferromagnetism in this compolsf163-1829)51034-3

The recent discovery of colossal magnetoresistancand the vertical and horizontal collimations were
(CMR) in the bilayer manganite La,,Sr ,,,Mn,0O; (Ref.  15-30'-60'-80" and 18-120'-120'-120', respectively.
1) has generated a lot of investigations focused on underFhe final momentum transfer was kept fixed to the values
standing the microscopic mechanism of this phenomenork:=2.662 and 4.1 A* for low- and high-energy transfers,
Due to the reduced dimensionality of this bilayer manganitelespectively.
its electronic and magnetic properties are expected to be dif- Figure 1 showL scans along* at T=1.6K for differ-
ferent from those for the well-studied infinite-layer mangan-€nt constant energy transfers through the reciprocal lattice
ite. Indeed, some unusual features have been recent§oint Q=(1,0,1) which is a zone center. In Fig(al two
reported®™ The reduced dimensionality in fact enhances thedlmost symmetrically situated peaks are observed on both
CMR effect, albeit at the cost of decreasing the ferromagsides of the zone center which we identify as the acoustic
netic transition temperature. Further, some features concefifanch of the spin waves propagating al¢fg0]. The spin-
the observation of the coexistence of ferromagnetic and arvave peaks move to higher values for the momentum trans-
tiferromagnetic short-range-ordered spin correlaflaisove  fer g for larger energy transfer. In Figs(d and Xc) one
T.~126 K. Osborret al® have observed canting of the mag- observes extra intensity @=(1,0,1) contributed by the op-
netic moments abov@.. We reportefl inelastic-neutron-  tic branch due to the finite energy resolution. Figure 2 shows
scattering investigations of the dispersive low-energy magthe energy scan a®=(1,0,3.1) forT=1.6K which has a
netic  excitations in  La,SKgMn,0; propagating Peak atE~6 meV. We identify this as the optic spin wave
perpendicular to the layers and determined the interbilayepranch as proved below from t@-dependence of the in-
exchange interaction. Here we report a complete investigaensity. The energy width of this scan seems to be much
tion of acoustic and optic spin-wave modes of inlarger than the energy resolution of the instrument which is
La, ,Sr, gMn,O; both in the plane and also perpendicular toabout 1-1.5 meV in the explored energy range. We have
it. By analyzing these results within an effective exchangefitted the data by the equation
model we are able to determine a complete set of intra- and

interlayer effective exchange parameters. This leads us to r
conclude that La,Sr gMn,0O; is a quasi-two-dimensional S(q,w)= ey e >
ferromagnet with weak coupling between different FM bilay- 1-e I +{fho-fio(q)}
ers. r

The large cylindrical single crystal of LaSr; gMn,O; of - 2} (1)
diameter of 5 mm and length 25 mm already studied in Ref. M Hhio+fio(q)}

6 was used for the present study. Inelastic-neutron-scattering

experiments were performed on the thermal triple-axis speowhere Sy is the normalization constant; is the damping,
trometer IN22(CRG) installed at the H25 supermirror guide and w(q) is the energy of the excitation. From a least-
at the Institut Laue-Langevin. The crystal was put inside asquares fit we obtain'=4.0=0.2meV, A w(q)=6.27
helium cryostat with it010] crystallographic axis vertical +0.08 meV. The result of the fit is shown by the continuous
so that the scattering plane was0(). We used a vertically curve of Fig. 2. Figure 3 shows the dispersions of both the
curved monochromator and a horizontally-curved analyzeacoustic and optic spin-wave branches propagating along
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FIG. 1. Q scans alongg* at T=1.6K for different constant
energy transfers through the reciprocal lattice p@lnd,1), which is
a zone center.

[100]. We have also investigated the dispersion of the optic
mode alondg 001] and found the change in energy to be too

small to be measured with a thermal triple axis spectrometer.

However, we have reported previousthe dispersion of the
acoustic mode alonf001] as investigated by a cold triple
axis spectrometer which was only about 0.4 meV from zone

Neutron counts / 3 min.
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FIG. 2. Energy scan &=(1,0,3.1) atT=1.6 K, which shows
a peak atE~6 meV implying an energy gap af~6 meV of the
optic branch at the zone center. The thick line in the middle indi-
cates the energy resolution of the instrument.

In our previous papémwe used a simple localized effec-
tive exchange model to describe the spin waves of the bi-
layer manganite. This model was justified by Furukawa
grounds for the cubic
La;  AMnO; starting from the double exchange Hamil-
tonian

manganites

J
jo’+HC)_§H2| S‘O’i, (2)

which is appropriate for the metallic phase with disordered
Mn3*-orbital degrees of freedom. This ferromagnefidv)
Kondo Hamiltonian describes coupling of itineramTo() €y

] electrons of MA"™ which have a hopping enerdyand inter-
Q=(Q, 0,1)] act with the localized,y (S= 2) electrons via a Hund’s rule
coupling of strength);>t. In this limit the model may be
mapped to a FM nearest neighb@®N) Heisenberg model
for the localized spirS§;:

Acoustic

0.1 0.2 0.3 0.4
Oh(r.l.u.)

0.5

center to zone boundary. The dispersion of the optic branch FIG. 3. Spin-wave dispersions of the acoustic and optic
parallel to[100] is expected to be of the same order. branches propagating alofio0].
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FIG. 4. Q, variation of the magnon cross secti¢® along Q h
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We conjecture that a similar mapping is also possible for ®
the bilayer manganites although this has not yet been shown §
explicitly. In a more precise treatment, the damplhgould S 50 .
be related to the hopping energy as in the case of heavy % L
fermion systems. Because of the lower symmetry one now 2 i
has to invoke three exchange parameters instead of bnly £ C
An in-plane exchangd,=J,, the intrabilayer exchangé, ol r
and the interbilayer exchangé between adjacent planes of 0 e
0 50 100 150 200 250

two different bilayers. For this model, general expressions of

the acousticalAc) and opticalOp) spin wave branches have Temperature (K)

been derived in Ref. 6. Here we give only the dispersion for FIG. 5. (a) Q scans along* through the reciprocal lattice point
q=(0,,0,0) andg=(0,00,) corresponding to our scan di- (1,0,) for a constant energy transfer of 3 meV at several tempera-
rections and assume the lindit<J,, J.. This is well justi-  tures below and abovE. . (b) Temperature variation of the acous-
fied as shown below. In this case we have for [p81]  tic spin-wave cross section of Lg5r gMn,O..

directior? and for the in-plane directiofiL00)

hwpd(d,)=A+4SJ (1-cos3q,), hwpc(dyx)=A+2S(1-cosqy),

hwop(0x) =25 % +2SJ,(1—cosqy). ®)
hwop(0,) =2SL+4SJ (1+cos3q,), (4) Here we added an empirical anisotropy gigor the Ac
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mode. In our previous low-energy experiments only theare obtained by fitting the experimental data with Eg).
(001) acoustical branchwac(q,) was investigated from The excellent agreement clearly proves the quasi-2D nature
which we obtained the parameters=0.04 meV and of interbilayer interactions in LaSr gMn,0O;.

J'=0.026 meV. However, the other three high-energy We have also investigated the temperature variation of the
branches in the above equations were not found in Ref. 6 an@coustic  spin-wave intensity by scanning alon@
therefore the magnitude of the Ac-Op splitting2 and the = (Qn,0,1) for a constant energy transfer of 3 meV. Figure
large in-plane dispersion ofSi, remained unknown. Our 5(@ shows suchQ scans at several temperatures below and
experimental results reported here together with the aliove 8POVeT. whereas Fig. &) shows the temperature variation
and J' allow a complete determination of the exchange®f the integrated intensity of the spin-wave peak. The spin-
model for La ,Sr, gMn,O-. Fitting our resultsFig. 3 with  Wave Cross section increases with increasing temperature in

Egs. (4) and (5) and usingS=1.8 for the effective spin accordance with the equation

magnitudé leads to the exchange constants=4.8 S
+0.1 meV andJ.=1.7+0.1 meV. Becausel'/J,=1.5 S= 1o FKT (7)

X 1072, La,; ,Sr gMn,0; can be viewed as an effectively
two-dimensional (2D) ferromagnet consisting of weakly whereSis the spin-wave cross section at temperaiyrg, is
coupled FM bilayers. As argued in Ref. 6, the moments lie inthat atT=0, E is the spin-wave energy, ardis the Boltz-
the easyab plane. These results of our quantitative analysismann constant. The factor in the denominator is the Bose
are in agreement with both the observation of the in-plandactor. The spin-wave cross section passes through a maxi-
spin-wave-like modes abovE,=126 K shown below and mum atT.~120K and then decreases slowly and finally
also with the observed rodlike intensity distribution in dif- tends to become constant at higher temperatures. One clearly
fuse scattering? It should be noted thal, andJ, are con-  observes the spin-wave-like peaks abdvealthough they
siderably different J,/J.=2.8) although NN distances are gradually broadened. This behavior provides additional
alonga andc are almost equal. This suggests that a certairproof of the quasi-2D ferromagnetic nature  of
degree of orbital polarization, which leads to this anisotropyla; ;Sr; gMn,0;. We conclude that the acoustic spin wave
persists even in the metallic phase. Orbitally polarized mepropagating along100] still persists abovd . which is di-
tallic phases have also been proposed in infinite-layerect evidence for quasi-2D magnetic behavior. This observa-
manganites.In fact, such a state might even be more naturakion contradicts the conclusion of theSR investigation of
in the bilayer manganites since the degeneraoy,airbitals Heffner et al,!* admittedly on a sample with different Sr
is already lifted by the point symmetry reduction at the Mndoping level. However, it is highly unlikely that the quasi-2D
sites. nature of La ,Sr; gMn,O; would be changed drastically by a
Figure 4 shows the variation of the magnon intensity afteislight change in Sr doping, because the 2D magnetic proper-
correcting for the magnetic form factor as functionspffor  ties originate essentially from the layered crystal structure
Q=(1,0Q)) andQ=(1.13,0Q,) for a constant energy trans- Which does not change abruptly with doping.
fer of 6 and 7 meV, respectively. The periodic variation of  In conclusion, we have determined the complete set of
the intensity reveals the bilayer nature of;L8r gMn,O-. exchange interactions of bilayer manganitg $3t; Mn,O;
Remembering that L,aSr; gMn,0O; has two Mn atoms in the using inelastic neutron scattering. We have established that
primitive unit cell, the dynamical susceptibility may be writ- La; ;Sr; gMn,0; is a quasi-2D ferromagnet. We found sur-
ten ad® prisingly that the in-plane exchange interactidp along
[100] is about three times bigger than the intrabilayer ex-
x(q+1,0)=3(1+c08¢) xac(q, @) changelJ, along[001] although nearest-neighbor distances
1,4 along[100] and[001] are almost equal. As yet we have no
*2(1-c0sh) xoq,), © quantitative explanation for this, but the differenceljpand
where¢=2mq- p is the phase and=(0,0,0.12) is the dis- J. may be related to a possible orbital polarization persisting
tance vector within a bilayer. The continuous curves in Fig. 4in the metallic phase and its influence on the spin exchange.
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