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Charge correlations in the magnetoresistive oxide La 07Cap3sMn0O; (invited )
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Neutron scattering has been used to study the nature of the spin dynamics and charge correlations
in a single crystal of the colossal magnetoresistive perovskite@a ;MnO,. Diffuse scattering

from lattice polarons develops as the Curie temperature is approached from below, along with short
range polaron correlations that are consistent with stripe formation. Magnetic fields are found to
suppress this polaron formation. The temperature dependence of the polaron correlations follows the
same behavior as both the resistivity and the anomalous quasielastic component in the magnetic
fluctuation spectrum, indicating that they have a common origin.20®1 American Institute of
Physics. [DOI: 10.1063/1.1358331

I. INTRODUCTION regime the ground state spin dynamics for the Ca, Ba, and
Sr-doped materials and related systems has a number of un-
Ssual properties such as large linewidths and anomalous
) i i dispersiorf® while the combined metal—insulator and ferro-
La;_xAMnO; (A=Sr, Ca, Ba] has rekindled intense inter- magnetic transition has been found to be quite different from

est in these syﬁtems. In cont_rast ;o tradltlorr]]al |sEtrop|_c feréonventional isotropic ferromagnét In the Ca system in
romagnets such as Fe, Co, Ni, and EuO, where the spin sy articular, the spin wave stiffness does not collapseT as

tem is isolated from the lattice, in the manganites the charg ., T¢, but instead a quasielastic diffusive component devel-

spin, and lattice degrees of freedom are strongly COUpIe%ps in the excitation spectrum. Abovg , the conductivity

tqgeth(_ar, Ieadmg o a delicate bglance of interactions th% characterized by hopping that is believed to be associated
gives rise to a rich variety of physical phenomena of current, i polarons®1-12and recently direct evidence for the for-

!nterest n CO”?’?”SEO' mattgr phy§|cs. These mclgde a m,etah_wation of lattice polarons has been observed in single crys-
insulator transition concomitant with ferromagnetic orderlng,tms of the layered manganite LgSr, gMn,0, 13in the cubic

charge and orbital ordering, polaron formation, eleCtron'Chalf-do ed (N P nO. material®® and in
phase separation, and spin and charge stripes. The mang e CFE;MngJ 6'115;2_81?;28:0{_55 i’.éi/l dVl:;O we fin,d a direct
ites are also related to the higfy cuprate oxides, with a .. 3 10703 3

; . . relationship between the ferromagnetic transition and the po-
commonality of many of the materials properties and underc-’

in the manganese oxide class of matefial]such as

X . . aron formation associated with the metal—insulator transi-
lying physical concepts. Recent progress in our understan

. . N . .._tion. In particular, we observe the formation of lattice po-
ing of the cuprates has provided insights into the manganlte? rons in the optimally doped cubic CMR material, and find
and a deeper understanding of the fundamental properties ? !

the manganites will surely elucidate the shared concepts un_ear evidence for polaron ordering in the paramagnetic
9 y P phase that is consistent with stripe formation. More impor-

derlying both classes of materials. Finally, the colossal mag: . . .
. L ly, th f th |
netoresistanc€CMR) offers potential in a number of tech- tantly, the temperature dependence of this polaron intensity

nologies. such as for read/write heads. sensors. and s id_evelops simultaneously with the quasielastic spin fluctua-
gies, ' ' p{:l]on scattering, directly connecting these two phenomena

polarized electronics, and this potential has also generatewi,[h the resistivit
enormous interest. Y

Due to the similarity of the La and Ca ionic radii, the Ca
system forms over the full compositional range, and thd!- EXPERIMENT
magnetic and structural properties of ;LaCaMnO; (0O The sample is a 0.7 g single crystal grown by the floating
<x=1) were first characterized by Wollan and Koehlend  zone techniqué® with a single-peaked mosaic less than
interpreted theoretically by GoodenouyhThe undoped 0.25°. At this composition the crystal structure is orthorhom-
LaMnO; material is a Jahn—Teller distorted antiferromagnetpic, but the distortion is small and the domains are equally
while doping produces a ferromagnetic regime (8:¥5 populated. Therefore for simplicity we will employ cubic
<0.5) where CMR is observed. At half doping the systemnotation @=3.867 A at room temperaturewhere nearest-
returns to an antiferromagnetic, charge-ordered insulator, angeighbor manganese atoms are along [tt@0]-type direc-
this basic behavior then extends to the fully substitutedions. Most measurements were taken in th&Q) plane on
CaMnQ;, which is (undistorted cubic. In the ferromagnetic the BT-2 and BT-9 triple-axis spectrometers at NIST, using a
variety of incident energie€l3.7, 14.7, 30.5, and 50 meV
Author to whom correspondence should be addressed; electronic maifnd collimations. For the unpolarized neutron measurements
jeff.lynn@nist.gov the monochromator and analyzer crystals were pyrolytic
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FIG. 1. Constan® scan taken at =240 K, well below the Curie tempera- FIG. 2. Long wavelength spin wave dispersion along th®,0 crystallo-
ture of To=257 K, at a reduced wave vector (.09,0,0. The spin waves graphic directior(cubic notation at two different temperatures. Solid curves
are observed in energy gaiE<0) and energy loss§>0). In addition, a  are fits to Eq(1). The data obey the quadratic relation, with a negligible gap
central quasielastic component to the fluctuation spectrum develofs as in the spin wave spectrum.

—Tc.

] . . The temperature dependence of the spin stiffness coeffi-
graphite(PG), while for polarized beam measurements Heu-cjent D(T) obtained from such fits is shown in Fig. 3. The
sler alloy polarizers were employed. PG filters were usedpin wave stiffness does not seem to collapse at the Curie
when appropriate to suppress higher-order wavelength CORamperature ofTo=257(1) K, determined from measure-
taminations. Statistical uncertainties quoted represent 1 stafyents of the magnetic Bragg intensities. A well defined tran-

dard deviation. sition is observed, with no significant distribution Bgs in
the samplé? Instead of the usual continuous softening of the
. RESULTS spin wave spectrum, we see the development of the quasi-

elastic component as shown in Fig. 1. The energy width of
this scattering is quadratic in wave vector, with a spin diffu-
A typical example of the magnetic fluctuation spectrumgjgn constantA = 15(7) meV & (in this symmetry direc-
observed below the Curie temperatulie. € 257 K) is shown  tjon). The temperature evolution of this component is shown
in Fig. 1, measured around tl,0,0 reciprocal lattice vec- jn Fig. 4 for three different wave vectors, where we see that

tor. A g-independent nuclear incoherent scattering of 2.6 Ctsfhe central component attains its maximum intensity close to
min and a flat background of 1.6 have been subtracted fron?'c . The Spin wave intensitieS, on the other hand, show a

these data. At this reduced wave vector(0f09,0,0 well
defined spin wave excitations are observed in neutron energy
gain (E<O0) and energy lossg5>0), and the solid curve is

a least-squares fit of the spin wave cross section, along wit !
the quasielastic component centeredEat 0, convoluted
with the instrumental resolution. The magnetic excitations
are conventional spin waves, with a dispersion relation givetr
by (to leading order irg?)

E=A+D(T)q?, )

where A represents the spin wave energy gap, and the spi
stiffness coefficienD(T) is directly related to the exchange
interactions. The spin wave gay which represents the en-
ergy to uniformly rotate the entire spin system away from the
easy direction of magnetization, is much smaller than the ‘

exchange energies in the problem; is too small A !

<0.02meV) to be measured directly with neutrons any- O 0 210 220 230 240 250 26
where in the metallic regime of these materials. This remark . Temperature (K)

able isotropy has been found for all these CMR ferromag-

nets, even for compositions close to the metal—insulatoF!G. 3. Spin-wave stiffness coefficieBt(T) vs temperature obtained from

compositional transitio”® Data taken at a series qf reveal ~ 92@ such as shown in Figs. 1 and 2. The spin waves do not appear to
renormalize to zero af., in contrast to the behavior of a conventional

that th? sp'in waves obey the quadratic dispersion law, agotropic ferromagnet with a continuo(gecond ordérmagnetic phase tran-
shown in Fig. 2. sition.

A. Spin dynamics

Spin Wave Stiffness (meVA?)
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FIG. 4. Temperature dependence of the central component of the fluctuatio 3
spectrum, taken with high instrumental energy resolution, at three different © or” it 0
reduced wave vectors. The central component peaks in intensity just abov 1 i ) ! L L :
the Curie temperature dfcz 257 K. 0.0 0.1 0.2 0.3 04 0.5 0.0 01 0.2 0.3 0.4 0.5
(2.25110) (3.751 0)

decrease as the central component develops, rather than ﬂﬂ& 5. Charge ordering satellites around different Bragg peaks. Measure-

. . . . ments were taken abovE: between 270 and 280 K, with a background
usual increase of the Bose—Einstein population factor. Below btraction at 220 K. Peaks develop & %0) posit ative o th

. . . . .subtraction al . Peaks daevelop s positions relative to the

Tc the quaglelgsuc _scattgnng is well separated from the .spléragg peaks at(a) (220, (b) (500), (c) (200, and(d) (400). All widths are
wave contribution with this relatively good energy resolution arger than instrumental resolution and the dashed lines are Lorentzians.
(0.15 meV FWHM), while aboveT. all the scattering is
quasielastic. We find a length scate16 A that is only ) ) )
weakly temperature dependent. This central peak, with th&hort range in nature. The width of the peaks is only weakly
associated short length scale, has been interpreted as the spiperature dependent, and yields a correlation length of
component of polarort All these detailed results obtained ~10(2) A (Fig. 5, which is the same basic length scale
on this high quality single crystal are in good overall agree-0bserved for the quasielastic magnetic scattering. The po-
ment with previous measurements on polycrystallinejaron peaks in both materials are also elastic, indicating that

sample$ as well as single crystal results on related 1/3 the polarons are static on a time scale of 1 ps. The polarons

doped compounds. are surely hopping, though, and one of the interesting av-
enues to explore experimentally will be to investigate the
B. Polarons and polaron correlations nature of these peaks with much higher energy resolution,

and in particular to determine if the observedvidths are

The scattering from a lattice polaron arises from therelated to the dynamics of the polarons instead of static short
structural distortion that surrounds a carrier and traps it. Inrange ordet?
dividual polarons generate diffugeluang scattering around The temperature dependence of the diffuse scattering as-
the fundamental Bragg peaks, and we observe such diffusgyciated with single polarons, measured at a wave vector of
scattering in the present p3Ca MnO; crystal, which is  (1.852,0), is shown in Fig. 6solid triangles. The signal
similar to the scattering from polaron distortions recentlyjncreases rapidly as the Curie temperature is approached
reported in the layered manganite,l.8n ¢Mn,O-,** and i from below as the polarons form, while abov¥e we ob-
the half-doped cubic (NgiSmy ggo s551.4gMIN0; material*  serve only a weak temperature dependence. This suggests
We also observe well-developed polaron—polaron correlagat the number of polarons increases rapidlyTas T¢,
tions, which give rise tgshort ranggsatellite peaks such as whijle aboveT. the number is roughly constant. The tem-
those shown in Fig. 5. These are scans of the elastic scattgserature dependence of the intensity of the satellite peak at
ing measured around several nuclear Bragg peaks, and inctig_7570_25,g)is also shown in Fig. 6open circles We see
cate commensurate polaron scattering with an ordering wavgat the scattering begins to develop in this sampl@0 K
vector (3,%,0) and equivalent directions. These polaron peakdelow T, rapidly develops a¥— T, and peaks just above
have been observed around Bragg peaks such a2®€), the ordering temperature. This behavior is very similar to the
(3,0,0, (5,0,0, (3,1,0, (4,2,0, and(2,2,0, while the inten- temperature dependence of the quasielastic component of the
sity around th€0,0,0, (1,0,0, (1,1,0, and(2,1,0 was below  spin fluctuation spectrum, as well as the resistivitindicat-
our detection limit. This trend for the intensity to increaseing that they all have a common origin. Finally, we note that
with increasingQ suggests that the dominant contribution to the intensity of the polaron satellite peaks decreases with
this scattering is from the lattice. This has been directly conincreasing field as shown in Fig. 7. Thus the polarons
firmed by polarized beam measurements, which show thdtmelt” when the magnetization develops and the conductiv-
the scattering in these peaks is dominated by the nonspin-flijy increases, either by lowering the temperature or increas-
(lattice) component. These charge peaks, both foring the applied field. Identical behavior has been observed
Lay Ca, qMNnO; as well as for the bilayel® have a substan- both for the central component of the fluctuation spectfum,
tial intrinsic width, indicating that the polaron ordering is as well as the polaron peaks in the bilayer systdm.
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and antiferromagnetic ordering at low temperatife$his
contrasts with the present ferromagnetic system, where the
orbital/charge correlations are short range in nature and oc-
cur onlyabove .. The CE model would of course need to
be modified to accommodate the smaller doping level, and
recent work indicates that the ordering wave vector does not
depend strongly on dopind. The CE model also has an
antiferromagnetic ground state, but in the present system
we do not find any evidence of antiferromagnetic correla-
tions.

Stripe formation has been observed in the related cu-
prates and nickelates, but the intrinsic magnetism in those
systems is always antiferromagnetic in nature. This gives rise
to separate satellite peaks associated with the charge and spin

order?>?2\We have found no evidence for separate magnetic
satellites in LgCay sMnO;3, which is not surprising in this

ferromagnetic system where the spin stripes would be ex-
FIG. 6. Temperature dependence of the neutron intensity for the polaropected to give a contribution at the same satellite positions as

peaks in LgCa MnO; (open circle, showing that the scattering in- the charge satellites. It might then seem surprising that we
creases with decreasing temperature until the ferromagnetic transition tem-

perature is reached, and then the scattering decreases rapidly as the char8&serve no significant magnetic component to the Sa_te”'t_e
“melt” and the system becomes a ferromagnetic metal. Also shown is thep€aks. However, the nature of the two types of scattering is

temperature dependence of the intensity of the diffuse scattering at a Wa\quite different. The charge Scattering originates from well-

vector of(1.85,2,0 near a fundamental Bragg reflection, which reflects the formed (static on this time sca)eJahn—TeIIer distorted
scattering from individual polarons. The signal increases rapidly as the Cu- !

fie temperature is approached from below as the polarons form, while abovNOs OCt?hedra’ which then form a “stripe” Str_UCture with
T we observe only a weak temperature dependence. This suggests that taecorrelation length of- 10 A. The spin part of this structure

number of polarons increases rapidly®s T, while aboveTc the num-  would have the same short correlation length, but the mag-
ber is roughly constant. netic scattering itself has a short correlation range of only
~15A. Model calculations then show that the combination

. : . of the two short correlation ranges renders the spin polaron—

A familiar mold el that can e.xplam both the or.denng polaron correlation scattering too weak to be observed at any
wave vector of §,3,0) for the lattice polaron scattering as of the satellite positions. We conclude then that the scatter-
well as the overall behavior of the observed intensities of the?ng of the lattice component of the polarons occurs around
short-range correlation peaks is the CE modell developed fghe highQ fundamental Bragg peaks, along with the broad
the half-doped gas%'.l'_he CE model has an orbitally ordered gqgljite peaks associated with polaron—polaron correlations,
Jahn—Teller lattice with charge stripes n {1a.0] direction. \yhile the dominant magnetic contribution occurs around the
Such ordering has been observed f6r 2, with the lattice 5. fundamental Bragg reflections, in the form of the
quasielastic scattering.

The above experimental results reveal that both the spin
and charge correlations associated with the polarons in
Lay Ca sMNnO; appear together, and have a very similar spa-
tial and temperature dependence. The metal—insulator cross-
over in the conductivity also occurs closeTg. This coin-
cidence may explain the amplified magnetoresistive effects,
as well as the absence of conventional magnetic critical be-
havior, both in the Ca-doped system as well as in other
AN materials’ This behavior is not universal, however. In the
higher Tc Sr and Ba systems, for example, the polaron
formatior®?3and conductivity crossov&rcan occur at tem-
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~ peratures substantially higher than the Curie point, reducing

the magnetoresistive effects and rendering the spin dynamics
and ferromagnetic phase transition more conventihal.

Our original interpretation of the anomalous magnetic
properties of the Ca-doped system was that it was inhomo-
geneous at elevated temperatures, consisting of two distinct
phase$. The preferred phase at loW (or high field is an

FIG. 7. Field dependence of the intensity of the polaron—polaron correlatiopprdered ferromagnet with metallic conductivity, a finite mag-

peaks, showing that the intensity decreases with increasing field. Thus t
polarons “melt” when the magnetization develops and the conductivi

"Retization, and well-defined spin waves, while the high-

increases, either by lowering the temperature or by increasing the applieBhase is a paramagnet where the electrons diffuse on a short

field.

length scale. We have found additional evidence for this
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