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Observation of Two Time Scales in the Ferromagnetic Manganite La12xCaxMnO3, x ��� 0.3
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We report new zero-field muon spin relaxation and neutron spin echo measurements in ferromagnetic
(FM) �La, Ca�MnO3 which suggest at least two spatially separated regions possessing very different
Mn-ion spin dynamics. One region displays diffusive relaxation, “critical slowing down” near TC and
an increasing volume fraction below TC , suggesting overdamped FM spin waves below TC . The second
region possesses more slowly fluctuating spins, a linewidth independent of q, and a decreasing volume
fraction below TC . The estimated length scale for the inhomogeneity is #30 Å.

PACS numbers: 75.30.Vn, 75.40.Gb, 76.75.+ i, 78.70.Nx
It is clear that the richness in the temperature-
composition phase diagram for La12xCaxMnO3 [1] is
produced by a strong interplay between spin, charge,
and lattice degrees of freedom [2]. Of particular interest
has been the ferromagnetic (FM) insulator-to-metal
transition and its accompanying large magnetoresistance.
Millis and collaborators [3] first suggested that the
theoretical description of this transition must include the
electron-phonon Jahn-Teller (JT) coupling, in addition
to the double-exchange [4] spin-spin interaction, thus
invoking polaronic degrees of freedom. Experimen-
tal signatures of small-polaron hopping have emerged
from transport measurements above the FM critical
temperature TC [5], leading to a theoretical description
of magnetoelastic polarons in terms of a small clus-
ter of aligned Mn spins surrounding a local JT lattice
distortion [3,6].

Despite these important insights, an experimental and
theoretical description of the FM transition encompassing
all three important degrees of freedom (lattice, charge,
and spin) remains incomplete. The persistence of two
distinct local lattice distortions below TC is clear from
neutron pair-distribution function and x-ray absorption fine
structure measurements [7,8]. A two-fluid model for the
charge degrees of freedom is consistent with the evolution
of localized charges into itinerant carriers near TC [9].
However, a comparable description of the behavior of the
spin system near TC is lacking. Neutron scattering studies
of the low-temperature magnetic properties [10] in FM
perovskites have revealed a broad peak centered around
zero energy transfer which coexists with Mn spin waves
near TC [11,12]. No definitive interpretation of this peak
has emerged.

In this Letter we present new muon spin relaxation
(mSR) and neutron spin echo (NSE) measurements in
FM La12xCaxMnO3, x � 0.3. NSE [13] allows a direct,
high-resolution measurement of the spin-spin correlation
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function S�q, t�. The muon is a local probe (bound within
1 Å of an O atom in oxide materials [14]) and is, there-
fore, sensitive to spatial inhomogeneity in spin fluctuation
rates. Furthermore, the mSR technique [15] covers a wide
range of correlation times (10212 , t , 1024 s), which
overlaps that of NSE (typically 10211 , t , 1029 s).

The mSR data were taken at the Paul Scherrer Insti-
tute in Villigen, Switzerland, and at TRIUMF in Vancou-
ver, Canada, between 10 and 300 K. The NSE data were
taken at 275 K with the IN11 spectrometer at the Insti-
tute Laue Langevin, using incident neutron wavelengths
of 4 and 6 Å. All measurements were performed in zero
applied field (&1 Oe) on polycrystalline samples. The
mSR sample [x � 0.33, TC � 262�3� K from magneti-
zation measurements] was from the same batch as that
used in Ref. [16]. The NSE sample, x � 0.30, showed
TC � 250�5� K from magnetization measurements. This
sample depolarized the neutron beam below about 270 K,
indicating the onset of randomly oriented FM domains at
a temperature somewhat above the nominal TC . In gen-
eral, polycrystalline materials of �La, Ca�MnO3 possess
less residual stress and are more compositionally homoge-
neous than comparable volumes of single crystals, because
of relatively less Ca evaporation and more stable growth
conditions.

The mSR data could be fit to a relaxation function
Gz�t� � AoscGosc�t� 1 ArlxGrlx�t�, corresponding to os-
cillating and relaxing terms, respectively. The overall
muon decay asymmetry was � 0.2; here Aosc 1 Arlx �
1. Gosc�t� is given by Aosc exp�2t�T2� cos�vmt 1 fm�,
where 1�T2 is the inhomogeneous damping rate, and vm

is the muon precession frequency. The frequency vm�T �
tends to zero at a temperature of 266�2� K, in agreement
with TC from magnetization measurements. We find that
Aosc � 2�3, which for a polycrystal indicates that the en-
tire sample volume experiences growth of the sublattice
magnetization [16].
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The relaxing component Grlx�t� describes the local
spin dynamics. In a typical magnetic material, Grlx�t� is
given by an exponential function Arlx exp�2lt�, where
l � 1�T1 is the characteristic spin lattice relaxation rate
[17,18]. In La0.67Ca0.33MnO3, however, a single expo-
nential function does not describe Grlx�t� at temperatures
below �274 K, as shown in Fig. 1(a). Earlier mSR
data in La0.67Ca0.33MnO3 [16] were characterized with
a stretched-exponential function, Arlx exp�2lt�K , where
values of K , 1 imply a distribution of rates l. The
current mSR data are of greater statistical precision than
previously reported, and are taken at smaller temperature
intervals near TC , allowing observation of the rapid
decline of K to about 0.2 just below TC .

The simplest form to represent a distributed re-
laxation rate G is a bimodal distribution P�G� ~

A1d�G 2 G1� 1 A2d�G 2 G2�, corresponding to a
two-exponential fit for either S�q, t� or Grlx�t�. Fig-
ure 1(a) illustrates the nonexponential decay of Grlx�t�. In
Fig. 1(b) we plot Grlx�t� in the form 2t�ln�Grlx�, together
with the calculated curves from the fits to the stretched-
and two-exponential functions shown in Fig. 1(a) [Arlx

FIG. 1 (color). (a) Unnormalized mSR relaxation function
Grlx�t�. The lines show best fits using stretched exponen-
tial [l � 0.219�7�, K � 0.63�3�], exponential [K � 1], and
two-exponential [Af � 0.60�5�, As � 0.40�5�, lf � 0.106�5�,
and ls � 0.93�11�] functions defined in the text. (b) Same
Grlx�t� as in (a), normalized to Grlx�0� � 1. The curves are the
stretched and two-exponential fits of (a).
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is normalized to 1 in Fig. 1(b).]. Clearly, the two-
exponential model function yields a considerably better
representation of the data. Analysis at lower temperatures
yields similar results.

For rapid fluctuations, the local muon relaxation rate
l is given by l ~ g2

m

P
q jdB�q�j2t�q�, where jdB�q�j

is the amplitude of the fluctuating local field and t�q� is
the Mn-ion correlation time with wave number q. For
the two-exponential function Grlx�t� � Af exp�2lft� 1

As exp�2lst�, with Af 1 As � Arlx, we have labeled the
rates lf and ls to correspond to “fast” (short t) and “slow”
(long t) Mn-ion fluctuation rates. Figure 2 shows the tem-
perature dependence of the mSR parameters Af , As, lf ,
and ls. For temperatures below 185 K and above about
270 K, either the overall relaxation rate is too small or the
exponent K is too close to 1 to resolve two exponentials
clearly. The peak value of lf coincides with vm�T � ! 0
at T � TC . By contrast, the temperature dependence of ls

shows no significant maximum near TC , but rises slowly

FIG. 2. Temperature dependence of mSR amplitudes Af�Arlx
and As�Arlx (top) and their respective relaxation rates lf (mid-
dle) and ls (bottom) for a two-exponential fit. The subscripts f
(filled symbols) and s (open symbols) refer to fast and slow
Mn relaxation rates GMn, respectively (see text, noting that
l ~ 1�GMn). The dotted lines in the top frame show the trends
extrapolated to T � 0 K. Note the different temperature scales
for the top and lower two frames.



VOLUME 85, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 9 OCTOBER 2000
FIG. 3. NSE spin-spin correlation function S�q, t�. The data
for q $ 0.10 Å21 were taken at incident wavelengths of 4 and
6 Å and, hence, extend to shorter times than data for q ,
0.10 Å21, taken only at 6 Å.

below the critical temperature. The dotted lines (Fig. 2,
top) are guides to the eye and indicate that the trend of
Af is to approach 100% of the fluctuating amplitude at
T � 0 K.

A distribution of l implies that dB and/or t are
distributed but does not determine the distributions
separately, whereas S�q, t� gives a direct measure of
the distribution of t�q� only. Figure 3 displays S�q, t�
at T � 275 K in La0.70Ca0.30MnO3. The data can be
fit either to S�q, t� � exp�2�t�te�b� or to S�q, t� �
AF exp�2�t�tF�q�� 1 AS exp�2�t�tS�q��, S�q, 0� � 1,
as shown by the solid curves in Fig. 3. The parameters
are given in Table I. These results, together with the mSR
data, directly confirm that the Mn-ion correlation times
are distributed.

The NSE data give a further important clue to the
origin of the relaxation processes. In Fig. 4, we plot
t
21
F and t

21
S (0.04 # q # 0.10) and t21

e (q � 0.14 and
0.20) versus q2. The data appear to fall on two parallel
lines (rate ~ q2), one of which has a finite intercept at
q � 0. A least squares fit to the upper line in Fig. 4
yields t

21
F � Dq2 1 G0, with D � 22�8� ps21 Å2 and

G0 � 0.20�3� ps21. A fit to the lower line (t21
S and t21

e )
yields D � 21.1�5� ps21 Å2 and G0 � 20.02�1� ps21.
Thus there are two time scales, G1 � Dq2, where
D � 14 meV Å2, and G0 � 2 3 1011 s21.

An order of magnitude comparison to the measured
mSR rates lf and ls can be made as follows. For rapid Mn
fluctuation rates GMn ¿ vm, one has [15] l � 2v2

m�GMn.
Here we ignore the q dependence of the muon-Mn cou-
pling constant, which we take to be the value of the low-
temperature mSR frequency vm � 4.7 3 108 rad�s [16].
For GMn � G0, one obtains l � 2.2 ms21. For GMn �
G1, after a simple integration over q, one obtains l �
0.01 ms21. These values (particularly their ratios) are in
reasonable agreement with ls and lf at T � TC . Thus
we associate the q-independent Mn rate G0 with ls and
the diffusive relaxation Mn rate G1 with lf .

These mSR and NSE data provide strong evidence for
at least two spatially separated relaxation components near
the FM state of �La, Ca�MnO3. This can be inferred from
the mSR data alone because, although the lf component
may exist throughout the sample volume, the ls compo-
nent can exist only in spatially separated regions; otherwise
only the slow Mn fluctuation rate (which creates the largest
mSR rate) would be observed. Furthermore, we emphasize
that, because of the large spin wave stiffness constant ob-
served [11] near TC in this material, the muon spin is not
significantly relaxed via spin waves [16].

The diffusive component observed here with NSE
has about the same diffusion constant D as that of the
quasielastic “central peak” reported earlier by Lynn
et al. [11], and is therefore likely the same excitation.
The mSR rate lf tracks the temperature dependence of
the linewidth associated with these fluctuations, showing
a peak at TC . These excitations thus appear to be FM ex-
citations of limited spatial and temporal extent, becoming
overdamped spin waves below TC . Their diffusive relax-
ation could be caused by a lack of translational symmetry
arising from disorder in the system. A rough estimate
of the characterisitic length scale for the underlying
inhomogeneity (corresponding to a diffusive mean free
TABLE I. Fitting parameters for NSE spin-spin function S�q, t� in La0.70Ca0.30MnO3, T �
275 K. Symbols are defined in the text.

q �Å21� b te �ps� AF AS tF �ps� tS �ps�

0.04 0.59(4) 10.6(5) 0.63(5) 0.37(5) 4.2(6) 41(8)
0.05 0.60(4) 8.1(3) 0.70(4) 0.30(4) 4.0(4) 40(4)
0.07 0.78(6) 5.7(2) 0.67(9) 0.33(9) 3.5(5) 15(3)
0.10 0.82(4) 3.6(1) 0.55(21) 0.47(22) 1.8(6) 7(2)
0.14 1.06(7) 2.1(1) · · · · · · · · · · · ·
0.20 1.03(9) 1.22(1) · · · · · · · · · · · ·
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FIG. 4. NSE linewidths t
21
F , t

21
S , and t21

e from Table I versus
the square of the momentum transfer q2 at T � 275 K. The
solid lines are least squares fits to the form t21 � G1 1 G0,
where G1 � Dq2.

path l) can be made. Noting that NSE probes excitations
of wavelength L � 2p�q and that l # L in order for G1
to follow a q2 dependence up to the largest measured q
value (0.20 Å21), we find that l # 30 Å.

The lack of q dependence for G0 implies a local ex-
citation. A fluctuation rate �10211 s21 is probably too
slow to be associated with electronic relaxation of local-
ized Mn31 or Mn41 spins. Polarons are localized objects,
but the temperature dependence of the slow mSR rate ls

does not show the typical exponentially activated behavior
measured [5] for polaron hopping and associated with the
conductivity of this system. Other possible mechanisms
include phonon induced spin relaxation (via magnetoelas-
tic coupling), two-level excitations or the slow overturning
of spins associated with local polaron hopping in regions
where spin and charge motion are frustrated by more ex-
treme local lattice distortions; that is, regions which are
relatively insulating. The latter possibility is qualitatively
consistent with the temperature dependence of ls, which
increases slowly below TC , and of the volume fraction As,
which decreases below TC as the material becomes more
and more metallic. Nevertheless, we are unable to defini-
tively identify the cause of the ls (G0) relaxation.

In conclusion, there are at least three types of fluctua-
tions below TC in FM La12xCaxMnO3. In addition to FM
spin waves reported elsewhere [10,11], there is a local-
ized mode of unknown origin and a diffusive component
probably associated with overdamped spin waves below
TC . We emphasize that the mSR data show that the spin
lattice relaxation must be spatially inhomogeneous. This
spatial distribution of spin fluctuation rates is probably re-
lated to the disordered spatial distribution of La and Ca
ions and the corresponding fluctuations in the local lat-
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tice distortions. (Persistence of structural inhomogeneity
considerably below TC has been found by local probes of
the lattice structure [7,8,19], which are consistent with the
gradual loss of structural inhomogeneity below TC .) A
rough estimate of the characteristic length scale of the in-
homogeneity l # 30 Å. These data thus point to the need
for explicitly including fine scale spatial and temporal in-
homogeneity when modeling the spin degrees of freedom
in the manganites.
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