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Neutron scattering investigations of the paramagnetic correlations in the layered manganite
La; »Sr, gMn, 0, which exhibits colossal magnetoresistance above the Curie transitign=at112 K,
show that spins in neighboring layers within each bilayer are strongly canted at an average angle that
is dependent on both the magnetic field and the temperature, as predicted by de Gennes. The in-
plane correlation length does not divergeTat although the magnetic Bragg intensity obeys critical
scaling belowT¢, with the same temperature dependence as the zero-field electrical conductance.
[S0031-9007(98)07520-6]

PACS numbers: 75.25.+z, 72.15.—v, 75.40.Cx

Naturally layered manganites have proved to be fruittroscopy. We find evidence that, although the magnetic
ful systems for understanding the mechanism of colossalorrelations are predominantly ferromagnetic within the
magnetoresistance (CMR) and have become the focus tfo-dimensional planes, there is much weaker ferromag-
many recent investigations into this phenomenon [1—-6]netic correlation between spins in neighboring layers
The reduced dimensionality increases the magnitude ofithin each bilayer. This observation is consistent with a
the CMR, although at the cost of reducing the ferromag-<canting of the spins in neighboring layers with a cant angle
netic transition temperature to about 100 K [1]. Howeverthat is dependent on both magnetic field and temperature,
the extended temperature range, over which ferromagnetlzecoming smaller as the temperature approa€hesOur
correlations are significant, and the strong anisotropy alresults imply that there is a delicate balance between com-
low a detailed examination of the link between local spinpeting double exchange and superexchange interactions
correlations and the resulting magnetotransport. in these compounds. In the critical regime beldw, the

The majority of experiments have been performed orink between magnetic ordering and electrical transport is
the Ruddlesden-Popper phases with the general formukrikingly evident, as the conductivity has approximately
(La;-,Sr,Mn0;),,SrO, which comprise layers of corner- the same temperature dependence as the magnetic order
shared Mn@ octahedra separated lya, SHO blocking  parameter, with similar two-dimensional exponents.
layers. In particular, the two-layer compounds have re- An x = 0.4 single crystal, i.e., LgSr gMn, 07, which
vealed a rich variety of properties which are stronglywe will refer to as the 40% doped compound, weighing
dependent on [2]. Although most investigations of three- 150 mg was grown in a double mirror, floating zone im-
dimensional (3D) CMR compounds have concentrated oage furnace. Details of sample preparation and character-
the possible role of electron-lattice interactions [7—9], ofization are given in Ref. [4]. Diffuse neutron scattering
equal importance in the two-dimensional (2D) compoundstudies were performed on the single crystal diffractome-
has been the influence of antiferromagnetic interactionter (SCD) at Los Alamos, followed by measurements using
competing with the ferromagnetic double exchange. Perthe triple-axis spectrometers BT2 and BT9 at Gaithersburg.
ring et al. [3] have reported evidence of weak antiferro- For the measurements at BT9, we employed a supercon-
magnetic correlations within the planes abd@vethat are  ducting solenoid to provide fields to 7 T applied in the
fluctuating rapidly and are believed to coexist with theab plane. Using incident wave vectors kbf = 2.57 and
ferromagnetic correlations. On the other hand, Argyriow2.662 A~! without energy analysis, we performed scans in
et al. [5] have inferred the existence of a canting of the or-the (0k0) scattering plane, i.e., with tHé00] and[00/] re-
dered moments belo®- from the change in sign of Mn-O ciprocal lattice vectors as orthogonal axes within the plane.
bond compressibilities at the transition. This aspect of th&he conductance was measured using a six-probe tech-
problem is only now receiving the theoretical attention itnique suitable for materials with highly anisotropic con-
deserves, even though de Gennes first considered it neauyctivities, such as the cuprate superconductors [14].
forty years ago [10-13]. The SCD measurements, illustrated in Fig. 1, show that

The work reported here is part of a general studythe scattering abov&- consists of rods parallel to the
linking the magnetic and transport properties of naturallyaxis, i.e., parallel t§00/], at all integeri includings = 0.
layered manganites directly to the underlying magneticThe rods are strongly temperature dependent, becoming
correlations measured by neutron diffraction and specnarrower as’ — T¢, consistent with magnetic scattering
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FIG. 1(color).
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Diffuse neutron scattering aba¥e (at 130 K)

such that
S(Q) = S5 (1 + 0?)(cos y) (1 + R{cosh) cosimzl)
+ (1 = Q) (sin y)], )

whereé is the in-plane angle between spins in neighbor-
ing layers within the bilayery is the angle of the spin
with respect to the planes, ad= (cosy)>/{(cos vy), as-
suming that thez-axis spin components are uncorrelated
(8/m* = R = 1). SinceS(Q) is determined by instanta-
neous(r = 0) spin correlations, the angular brackets rep-
resent ensemble averages over the crystal. In the 40%
compound,z = 0.0964 so that a ferromagnetic modula-
tion would peak af = 0 and fall to zero af = 2.59.
Short-range spin correlations within the plane produce
a Lorentzian broadening of the rods with the half-width
equal to the inverse correlation length. This is seen
in Fig. 2(a), which shows a scan perpendicular to the

in the (0k0) plane showing the rod of magnetic scattering along
the[h0!I] direction.

from predominantly ferromagnetic correlations which have
much longer correlation lengths within the Mp@lanes
than perpendicular to them. Beldli, the scattering re-
sults from inelastic spin-wave excitations and so becomesz
weaker with decreasing temperature. A much weaker ad-g
ditional component to the diffuse scattering, which we
attribute to a low density of multilayer intergrowths, as
identified by Potteet al. [15], has been excluded from our
analysis and will be discussed in a later publication.

In the triple-axis experiments, scans were performed —
both parallel and perpendicular to the rods(@i/) and
(107). The magnetic neutron scattering cross section is
proportional to

SQ) =D 5°°(Q)
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whereQ is the wave-vector transfer, afd ; andr; are the
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[10/] rod at/ = 1.833, from which we can estimate the
ferromagnetic in-plane correlation length to g A at
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magnetic moments and atomic coordinates, respectively, of 0 0 : a 8
the Mn ions @, 8 = x,y, z; the z direction is parallel to [0.95, 0,1]
the crystak axis). S(Q) is sensitive only to magnetic fluc-

y ). $Q) y ) FIG. 2. (a) Diffuse neutron scattering at 125 K along the

tuations perpendicular Q, so scans alonQ = [00/] will
measure in-plane correlations}*(Q) + $*(Q), while
scans alon@i0/] will be dominated bys?Y(Q) + S%*(Q),

Q = [101.833] direction. The solid line is a fit to a Lorentzian
line shape convolved with the instrumental resolution. The
half-width « = 0.102 A~! is the inverse correlation length
for small values of. By combining the results of scans within the two-dimensional planes.

The inset shows the

along[0.050/] and[0.9501], we have been able to sepa- correlation length{ vs temperature with a fit to a power

rate Y (Q) from $%(Q).
If the only significant correlations are between neigh
boring Mn spins within a bilayer, i.e., at = *zc, then

law with 72°

=75 = 11 K and exponentr = 0.84 * 0.15.

(b) Diffuse scattering at 125 K along th€ = [0.9501]
“direction with an applied field of 0 T (filled circles), 1 T (open
squares), and 2 T (filled diamonds). The solid lines are fits to

the rod scattering will be modulated as a function/of Eq. (2) withg = 86.6°, 74.1°, and 53, respectively.
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125 K. In order to optimize the energy integration of theenergy a® # 0 or = in zero field, a possibility when ferro-
scans, the scattered wave vedtgrwas aligned parallel to magnetic double exchange and antiferromagnetic super-
the rods. The inset to Fig. 2(a) shows that the correlatioexchange are competing, as first pointed out by de Gennes
length ¢ does not diverge df¢, reaching only a value of [10]. The observed modulation gives an average cant
12.1 A. A power-law fit to the data gives an exponent of angle 0f86.6° + 1.5° at 125 K in zero field, which sug-

v = 0.84 * 0.15 and a divergence &2° = 75 = 11 K,  gests that the competing interactions are of the same order
where T2 represents the predicted value B in the  of magnitude in this compound.

absence of the additional interactions which drive the Important evidence favoring the canting model is pro-
three-dimensional transition. vided by a comparison of neutron data with the field depen-

The most striking observation is that the modulationdent magnetization data of Pottet al. [15] (see Fig. 3).
along the rod, shown in Fig. 2(b), is very weak even closéAt 126 K, they observed an initial linear dependencafin
to T¢, indicating that{cosf) < 1. From fits to Eq. (2), Vs H with an increase in slope at a field of about 0.4 T.
we have determined th&tosf) = 0.06 at 125 K in zero  Our model provides a natural explanation of this anomaly;
field, whereas, if the ferromagnetic correlations betweerthis low-field slope corresponds to the region in which the
the spins at*+zc were as strong as those within the canted spins rotate into the direction of the field, and the
plane, then(cosf) would be approximately 0.67. Since upturnin the magnetization marks the field required to start
we measure only the average value of €psind not its  reducing the cant angle. In order to confirm this, we mea-
distribution, there are three reasonable interpretations afured the rod modulation with a magnetic field applied ver-
this observation. tically, i.e., parallel td0k0]. As expected, the modulation

The first is that the average value @fis zero, but that becomes stronger with field [see Fig. 2(b)], corresponding
the correlations between the neighboring planes within théo a reduction of the cant angle at 125 K#.1° = 2.1°
bilayer (intrabilayer correlations) are much weaker tharat H = 1 T and53° = 6° at H = 2 T (the decrease of
those within the plane (intraplanar correlations). Thisthe scattering intensity occurs because the spin fluctuations
interpretation would require the intrabilayer coupling tohave been reduced by the growth of 3D magnetic order).
be more than an order of magnitude weaker than thé&lowever, there is negligible change in the cant angle up
intraplanar coupling. Since the nearest-neighbor Mn-Mrto # = 0.5 T, in agreement with our interpretation of the
distance between these planes is the same as within timeagnetization anomalies.
planes, such a large anisotropy in the exchange interactions We still need to understand why the intraplanar interac-
appears unlikely, but cannot be ruled aupriori. tions are more strongly ferromagnetic than the intrabilayer

The second is that there is an inhomogeneous distrinteractions. In the double exchange mechanism, the mo-
bution of ferromagnetic and antiferromagnetic regions ofile electrons lower their kinetic energy by polarizing the
nearly equal volume. Some theoretical models predictocalized Mn spins, so the free energy gain from delocaliz-
such a phase separation into hole-rich and hole-poor dang the electrons would be greater within the planes, where
mains with a concomitant change in the strength of thea large number of spins can participate in the ferromag-
double exchange mechanism [13]. These models haweetic cluster, than between the neighboring planes, where
been developed for the 3D perovskites and so the restri@nly two sites are involved. The competing superexchange
tions imposed by the two dimensionality of the layeredtherefore has a relatively stronger influence on the cor-
compounds have not yet been addressed. We do not beelations along the: axis. Our results demonstrate the
lieve that it can explain the present results, because the
intraplanar correlations are always strongly ferromagnetic 9o : : : 0.5
with no evidence of a distribution of in-plane correlation
lengths in scans measured along the rod.

The third interpretation is that there is a canting of the
spins in neighboring planes; i.e., the average valug isf %
nonzero. Measurements of spin-wave energies in LaMnO=
[16,17] have provided evidence, in a related structure, 0%
competing ferromagnetic and antiferromagnetic exchangé
interactions of the usual Heisenberg form. However,
nearest-neighbor Heisenberg exchange, whose energy
proportional toS? cosé, will produce only collinear fer-
romagnetic or antiferromagnetic ordering, except wher 4%' 05 o s 730
strong magnetocrystalline anisotropy tilts the spins away Tn-plane Applied Magnetic Field (T)
from symmetry directions. In LaSr sMn,O;, there is , ] ) o
no buckling of the Mn@ planes to induce such tilts [4]. FIG. 3. Bilayer cant angle vs in-plane applied magnetic field

. solid squares) determined from fits to the data in Fig. 2(b).
On the other hand, the energy of double-exchange intera e results are compared to magnetization data (circles) taken

tions for a pair of spins depends on €& [18], making  from Potteret al. [15]. The dashed line is a linear extrapolation
noncollinear spin correlations, i.e., with a minimum freeof the low-field magnetization.
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3.0 . . . . : between the magnetization and conductivity are central
to the observation of CMR [19,20], we are not aware
of other observations in which the conductivity has been
shown to have the same scaling behavior as the magnetic
order parameter in zero field. If this connection is
universal, it will constrain theoretical approaches to the
spontaneous magnetic state belBw
In conclusion, we have observed evidence that Mn
spins in neighboring layers within each bilayer of the
naturally layered CMR manganite L& sMn,O; are
strongly canted abovel at an angle that is both
temperature and field dependent. It is possible to identify
505 this canting because of the reduced dimensionality of the
(Te-T)/Te ' magnetic correlations, so if it also occurs in the regular
_ perovskites, it would be more difficult to observe. The
FIG. 4. Intensity of (002) Bragg peak vs reduced temperaturgz.k of divergence of the 2D correlation length B¢

(17il_KT\§v)i{hT ‘,}'C lhlel?‘%srleg gnlg :'fng Eoive({'llgwj'gg?m %gg to may be evidence that the phase transition is weakly first

solid line is the in-plane electrical conductance measured on rder or that the ordering is unconventional [8,21], but

sample of the same composition. The inset shows the sanfeirther measurements of the 3D correlations are necessary

measurements over an expanded temperature range. before conclusions can be drawn. The direct link between
magnetic order and electronic transport is clearly seen in

limitations of neglecting the many-body nature of thethe 2D critical scaling belowW.

double exchange model. We have benefited from extensive discussions with D. I.
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