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Spin dynamics in La1ÀxSrxCoO3
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The spin dynamics of Sr-doped cobaltite La12xSrxCoO3 (x50.14 andx50.4) has been investigated in both
zero magnetic field and high field by NMR. The results are consistent with microscopically phase-separated
regions of ferromagnetic and nonferromagnetic materials. Nuclear spin-lattice and spin-spin relaxation in the
ferromagnetic regions is attributed to fluctuating hyperfine fields produced by double exchange between Co
ions. The linear temperature dependence of the correlation time, obtained from the data analysis, suggests that
lattice excitations modify the double-exchange process as the temperature is raised. In the nonferromagnetic
regions, a distribution of nuclear spin-lattice relaxation times is found. It is likely that low-frequency fluctu-
ating localized moments, such as small spin clusters, in spin-glass regions provide the relaxation mechanism
for both the spin-glass and low-spin (S50) regions. A simple model involving these ideas can account for the
stretched exponential nuclear magnetization recovery in the nonferromagnetic regions, and permits an estimate
to be made of the mean size of low-spin regions.
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I. INTRODUCTION

Recent experimental1,2 and theoretical3,4 work on doped
cobaltite systems have revealed a rich variety of propert
many of which are not well understood. Certain of the
properties are similar to those of doped manganites, but t
are important differences, some of which are revealed i
comparison of the phase diagrams. Inhomogeneous ef
appear to be significant in both systems, giving rise to ph
separation, which is important in determining the magne
and transport behavior in these and other doped perovs
systems.5,6 For undoped LaCoO3, it has been shown tha
transitions to Co31 intermediate-spin~IS! and high-spin
states occur as the temperature is raised.7 Various micro-
scopic properties, and the nature of the magnetic phase
doped material,8 are the subjects of continuing interest.
recent comprehensive review9 of the metal-insulator transi
tion in various systems, with emphasis on transition-me
oxides, describes properties found in these materials and
theoretical descriptions which have been put forward to
plain them. In both the cobaltites and the manganites, do
exchange can provide the mechanism for ferromagnetism
La12xSrxCoO3 ~LSCO! the small spin-gap energy separati
spin states means that below 250 K the Co ions can exis
low-spin ~LS! (S50) or IS states, depending on temperatu
and dopant concentration.1,3 Double exchange involving Co
ions gives rise to intermediate valence and ferromagn
coupling in the magnetic clusters. Unpairedt2g ands* (eg)
electrons are strongly ferromagnetically coupled. Ravind
et al.3 have used full-potential linearized-augmented pla
wave methods to determine the electronic structure for
doped and doped LaCoO3. Their results show itinerant ban
ferromagnetism in hole-doped material.

For doped material withx.0.05, spin-glass~SG! or
cluster-glass~CG! behavior is found on cooling to low
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temperatures,1,2,8 with history-dependent magnetizatio
effects.10 The metal-insulator transition atx50.18 is accom-
panied by changes in the magnetic properties—from a s
dominated by ferromagnetism~FM! to a predominantly CG
phase asx decreases.8,11 Phase diagrams for the system ha
been proposed.2,8,11 Neutron diffraction1 has shown that
long-range FM spin correlations~coherence length'700 Å)
exist at low temperatures forx.0.1. The neutron-diffraction
results, together with small-angle neutron scattering~SANS!,
suggest that forx50.3 the doped system makes a transiti
from itinerant to polaronic conduction at the Curie poi
TC5240 K.1,12 This was interpreted in terms of a narrowin
of thes* bandwidth that leads to the formation of superpa
magnetic clusters in a paramagnetic matrix at sufficien
high temperatures.12 ac susceptibility measurements made
a function of Sr concentration have, forx,0.20, been inter-
preted in terms of intercluster interactions mediated by
hole-poor matrix.13

Our recent low-temperature zero-field59Co NMR
experiments14 in the ferromagnetic phase of doped cobalt
have shown that there is a distribution of hyperfine couplin
which gives rise to a broad resonance spectrum, with a sin
maximum at 173 MHz, consistent with an intermedia
(Co3.51) valence state. Rapid exchange effects average
hyperfine couplings for the different charge states of the
ions. The shape of the spectrum depends only weakly
dopant concentration, indicating that the ferromagnetic cl
ters have similar distributions of hyperfine couplings ind
pendent of whether they are above or below the percola
limit. As the temperature is raised, the spin-echo signals
come smaller and above 25 K are no longer observa
NMR signals at frequencies close to the unshifted Larm
frequency of 100 MHz in a field of 9.98 T give clear indica
tion of LS and SG regions in LSCO samples for all x valu
in the rangex50.1–0.5.14
©2004 The American Physical Society25-1
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The spin dynamics in the doped cobaltite system have
previously been investigated in detail. In undoped LaCoO3,
NMR measurements suggest that the thermally activated
to IS process provides the nuclear relaxation mechanis15

In the manganites, for comparison,55Mn and 139La NMR
spin-lattice relaxation-time measurements have recently b
made as a function of temperature in the ferromagnetic ph
of several (La,Na)MnO3 perovskites.16,17 The results pro-
vide interesting new information on double exchange
namics in these systems. In the present investigation,59Co
spin-lattice and spin-spin relaxation-time measurements h
been made on FM LSCO as a function of Sr concentrat
magnetic field, and temperature, with the objective of obta
ing information on spin dynamics in this system.

II. EXPERIMENTAL DETAILS AND RESULTS

The samples were prepared by solid-state reaction
characterized by x-ray diffraction, scanning electron micr
copy, energy dispersive analysis of x rays, and iodome
titration. Details of preparation and characterization ha
been given previously.2,14

Zero-field 59Co spin-lattice (T1) and spin-spin (T2)
relaxation-time measurements were made using a w
bandwidth computer-controlled NMR spectrometer and sp
echo methods. The zero-field measurements are use
probe only the FM regions of the sample. Within experime
tal uncertainty, single exponential behavior was found
both T1 andT2. No dependence on Sr concentrationx (0.1
,x,0.5) or spectrometer frequency across the broad s
trum ~100–200 MHz! was found. Application of magnetic
fields of up to 3 T produced a change in the sign
amplitude,14 but no change in the relaxation times. Figure
shows a log plot of the relaxation rates 1/T1 and 1/T2 as a
function of inverse temperature over the range 1.9–25
Above 25 K,T2 became so short that measurements were
longer possible. The close correspondence of theT1 values
for x50.14 and 0.4, with a similar correspondence forT2,
clearly demonstrates that the spin dynamics of FM clus

FIG. 1. Zero-field FM NMR59Co spin-lattice relaxation timeT1

~a! and spin-spin relaxation timeT2 ~b! as a function ofT ~K! for
x50.4 and 0.14 samples. The relaxation behavior was not de
dent on frequency within the broad spectrum observed.
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above and below the percolation~metal-insulator transition!
limit ~at x50.18) are the same.

As mentioned above, previous work1,8,12,14has established
that phase separation is an important property of the co
tites. We have also made high magnetic field~9.97 T! NMR
measurements of the relaxation rates in the non-FM reg
of LSCO for x50.14. Analysis of the 9.97 T spectra, usin
two Gaussian-fitted peaks, showed14 a narrow line centered
at 102 MHz with the same Knight shift as in undope
samples15 and a second very broad line centered at 100 M
corresponding to the unshifted59Co magnetogyric ratio. The
T2 results are shown in Fig. 2 for NMR frequencies sligh
higher and slightly lower than the unshifted NMR frequen
of 100 MHz. The frequency of 102 MHz was chosen
coincide with the peak in the spectrum attributed toS50
~LS! spins, while 98.5 MHz was chosen as a frequency cl
to the center of the broad 100 MHz peak in the IS regions
can be seen that 1/T2 shows a linear dependence onT but the
rates are considerably smaller than in the FM regions, w
the LS non-FM regions having the lowest relaxation ra
Within experimental uncertainty, spin-spin relaxation fo
lowed single exponential behavior for both non-FM region
The nuclear magnetization recovery due to spin-lattice re
ation following saturation for both frequencies, however,
found to follow a stretched exponential form,

M ~ t !5M0@12exp~2~ t/T1!a!#, ~1!

as shown in Fig. 3. Values fora and T1 are given in the
figure caption forT51.9 K and 5 K. In the case of the 10
MHz LS signal,T1 decreases withT but a remains roughly
constant at 0.5. The 98.5 MHz SG signal has aT1 almost two
orders of magnitude shorter than for the LS region anda
decreases with increasingT, which implies an increased dis
tribution of relaxation times at the higher temperatures.

III. DISCUSSION

The discussion is presented in two parts, correspondin
the results for the FM and non-FM phases.

n-

FIG. 2. 59Co NMR spin-spin relaxation timeT2 as a function of
T ~K! at 9.97 T for LS~102 MHz! and IS ~99.5 MHz! non-FM
regions in thex50.14 sample.
5-2
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SPIN DYNAMICS IN La12xSrxCoO3 PHYSICAL REVIEW B 69, 014425 ~2004!
A. Ferromagnetic phase

From Fig. 1, it can be seen that in the zero-field F
NMR, 1/T1 and 1/T2 have similar temperature dependenc
with a ratio that is roughly constant. This suggests a comm
relaxation mechanism. The59Co NMR data of Kobayashiet
al.18 on LaCoO3 and La0.95Sr0.05CoO3 show quite different
relaxation-time behavior to that reported here, with a mec
nism involving thermally activated LS to IS transitions. It
clear that, in the FM phase, a different relaxation mechan
is operating than in the undoped or lightly doped mater
The metal-insulator transition atx50.18 occurs when over
lapping clusters reach a percolation threshold. It should
emphasized that the relaxation we observe is independe
x, with no change in behavior on crossing the metal-insula
transition. Relaxation in magnetic systems may be due
number of possible mechanisms and these are briefly
viewed below. It is argued that conventional mechanisms
not provide the dominant contribution to the relaxation p
cess in LSCO and that double-exchange effects are mos
portant in this system.

In order to allow for double exchange, it is necessary
generalize available theoretical expressions. This is done
lowing the review of various possible relaxation mechanis
in FM metals. The Hamiltonian for the spin system is

H5He1Hh f , ~2!

where He is the electron-spin Hamiltonian including ex
change, dipolar, and magneto crystalline interactions, w
Hh f is the nuclear hyperfine Hamiltonian. For cases wh
the hyperfine interaction is not isotropic and the nuclear s
I and electron spinSare quantized along different direction
z8 andz, respectively, we can write

FIG. 3. Stretched exponential59Co nuclear magnetization re
covery curves at 9.97 T for LS~102 MHz! and IS ~98.5 MHz!
non-FM regions in thex50.14 sample. Data forT51.9 K and 5 K
are shown. The stretched exponential exponentsa and T1 values,
defined in the text, are~a! a50.54, T15950 ms, ~b! a50.50, T1

5250 ms,~c! a50.64,T1516 ms, ~d! a50.22,T153.3 ms.
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Hh f5A1I x8~Sxcosu1Szsinu!1A2I y8Sy

1A3I z8~Szcosu2Sxsinu!, ~3!

whereu is the angle betweenz andz8, with y andy8 chosen
to coincide. TheAi are the principal values of the hyperfin
coupling tensor, whileSz andSy are the electron-spin com
ponents in the principal axis system. Fluctuations in eitherAi
or Sj lead to nuclear relaxation. Moriya19 and others20,21have
treated the case of fluctuations in electronic spin orienta
due to spin waves and have obtained expressions for
relaxation rate in terms of a temperature-dependent corr
tion time, which is calculated for various magnon proces
using time-dependent perturbation theory. The results ar
particular importance in antiferromagnets.

In order to explain the observed linearT dependence of
the relaxation rates in LSCO a single magnon process m
be considered. The magnon dispersion relation for a FM
field B has the form21

Ek5gbB12JSk2a2, ~4!

whereJ is the exchange coupling,b the Bohr magneton,g
the spectroscopic splitting factor,k the wave vector, anda
the lattice spacing. In single-magnon nuclear relaxation p
cesses, small-k excitations are important. An applied fiel
produces a gap atk50, which renders this process ineffe
tive. In the present work, the relaxation rates were field
dependent. This indicates that the spin-wave mechan
does not dominate the relaxation in the temperature rang
interest.

Moriya22 has shown that orbital contributions due to sc
tering of d-band electrons are responsible for relaxation
FM transition metals. The fairly crude theory predicts
Korringa-like T dependence of the relaxation rate. An es
mate of the contribution made by this process may be
tained from values found for FM cobalt in whichd-band
electrons are responsible for nuclear relaxation.22 For Co at
4.2 K, the productT1T is 244 ms K in applied magnetic
fields sufficiently large to have swept out domain walls.23 ~In
zero field, a distribution of relaxation times is found with
mean value approximately an order of magnitude sho
than in the nonzero field case.! In the present experiments o
LSCO no field dependence ofT1 is apparent between 2 K
and 10 K, withT1T51.7 ms K, roughly two orders of mag
nitude shorter than the product for metallic Co. Furthermo
the plot of 1/T1 vs T does not extrapolate to zero. The clo
correspondence in the form of behavior with temperature
T1 and T2 must also be taken into account. It appears u
likely that Moriya scattering provides the primary relaxatio
mechanism in LSCO and it is necessary to identify an al
native mechanism which is present in the FM phase of
material, independent ofx in the range 0.14–0.40. The mo
likely candidate is the double-exchange process.

We have generalized the relaxation expressions, tak
Eq. ~3! as a starting point, to allow for fluctuations in th
hyperfine coupling due to double exchange. Let the am
tudes of fluctuations in theAi be given byDAi5Ai2^Ai&.
In the short correlation time limit, using thex andz compo-
nents ofI gives
5-3
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HOCH, KUHNS, MOULTON, REYES, WU, AND LEIGHTON PHYSICAL REVIEW B69, 014425 ~2004!
1/T25S~S11!@ uDA1u2sin2u1uDA3u2cos2u#t ~5!

and

1/T152S~S11!@ uDA1u2sin2u#t, ~6!

with t the correlation time for the hyperfine fluctuations. It
assumed that the correlation functions decay rapidly w
time. From Eqs.~5! and~6!, it follows that the ratioT1 /T2 is
temperature independent since we assume a temperatu
dependent hyperfine coupling and onlyt is temperature de
pendent. The constant ratio depends on the fluctuating hy
fine components and the anisotropy angleu. These quantities
are not known with precision, but it is expected that t
fluctuating component along the hyperfine principal ax
uDA3u2, is much larger thanuDA1u2, and thatu is small. This
is consistent withT1 being more than an order of magnitud
longer thanT2. The correlation timet at a given temperature
may be estimated from the measured relaxation rate 1/T2 by
choosing values for the fluctuating hyperfine compon
uDA3u and the angleu. We take uDA3u'50 MHz, with a
large uncertainty,u small (5° –10°), and assume that an
temperature dependence in these quantities is negligible
the range considered. The estimate foruDA3u is based on the
measured59Co zero-field NMR spectrum,14 with peak fre-
quency 173 MHz and half-width 50 MHz, together with typ
cal values of 120–220 MHz for Co31 frequencies in other
systems. Co41 frequencies are expected to be somew
lower than this. Values fort obtained from theT2 data,
which are reliable to at least an order of magnitude,
shown in Fig. 4 as a function of 1/T. It can be seen thatt,
which is in picoseconds, increases with increasing temp
ture, in contrast to the decreasing behavior expected f
thermally activated process with a temperature-indepen
energy gap. The fitted curve has the empirical formt
50.022T0.66over the range shown. From a linear plot oft vs
T, it appears possible thatt is tending to a low-temperatur
limit which suggests the alternative formt5t01AT ~see
inset in Fig. 4!, with t050.2 ps andA510 ps K21. It is not

FIG. 4. The estimated double-exchange correlation timet ob-
tained from the data of Fig. 1~b! as a function of 1/T ~K!. The inset
shows the approximately linear dependence oft on T.
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possible to make a choice of which form is more appropri
over the limited range of these data.

In double exchange, electron transfer gives rise to in
mediate valence and a FM exchange couplingJ. The charac-
teristic time ist0'h/J. t0 is expected to change somewh
with temperature since the transfer integralt i j 5t cos(uij /2)
depends on the bond length and on the angleu i j between the
spins at sitesi andj.24,25While at the temperatures of intere
changes inu i j are likely to be small, lattice vibrations lead t
dynamical changes in bond lengths and angles, resultin
changes int0 with T. Single-phonon scattering process
can, in this picture, have an effect on the exchange proc
leading to changes in the correlation function and hence
spectral density at the Larmor frequency. Further work
needed to establish the details of a mechanism of this k
For the present purposes, the correlation time is treated
phenomenological parameter.

While it is recognized that comparisons must be ma
with care, it is worth noting that investigations of NMR re
laxation in doped FM manganites have provided evidence
a coupling of spin dynamics and lattice distortions. Fluctu
ing hyperfine fields induced byeg hole hopping provide the
relaxation mechanism in a thermally activated process, w
a temperature-dependent activation energyE}T2. The cor-
relation time is found to increase with temperature. This u
usual behavior has been associated with magnetic pola
or nanoclusters which become increasingly important aT
approachesTC .17,26Theoretical considerations, based on e
lier work, suggest that, in addition to double exchange
strong electron-phonon interaction is necessary to acco
for the transport properties close toTC .27

The spin polarons, or extended spin clusters, are thou
to play a role in 55Mn relaxation in La12xCaxMnO3 for x
50.3. Savosta and Novak28 have obtained NMR evidenc
for two different FM phases in FM manganite. The pha
with lower hyperfine coupling has a temperature-depend
characteristic dimension of a few nanometer.

The present experiments on LSCO have been carried
at low temperatures and the dynamics are different to th
found in the manganites. Caciuffoet al.,1 using neutron-
diffraction methods, have shown that the Co-O-Co bo
angle is temperature dependent belowTC in LSCO (x
50.3), changing from 168.2° to 167° asT is increased from
2 K to 250 K. The equilibrium Co-O bond length increas
with T above 200 K. In SANS experiments on the sam
specimen, it has been shown1 that a magnetic signal assoc
ated with spin-disorder scattering becomes increasingly
portant asTC is approached from below. This is interprete
in a manner similar to that suggested for Ca-doped LaMn3,
where short-range ordered regions become important asTC
is traversed.29 These magnetic clusters are composite d
namical structures, with sizes'10–15 Å, induced by
double-exchange processes.

Using pair density function analysis, Loucaet al.30 have
shown that Jahn-Teller-like local distortions are important
LSCO for x.0.1. In the metallic phase, the results are co
sistent with a Jahn-Teller~JT! glass component. At 20 K they
obtain evidence of dynamic JT distortions forx>0.18.
5-4
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SPIN DYNAMICS IN La12xSrxCoO3 PHYSICAL REVIEW B 69, 014425 ~2004!
Due to the rapid decrease in the spin-echo signal w
temperature, the present experiments were carried out at
peratures below 30 K. It is possible that precursor effe
connected to the dynamical effects of the kind describ
above are responsible for the observed temperature de
dence of the NMR relaxation times. The change in dynam
may be due to the structural changes and dynamic
distortions,1,30 some of which appear at low temperatures,
mentioned above, and which develop as the temperatu
increased. In this model, the slowing of the correlation ti
will continue as the Curie temperature is approached.
rapid decrease inT2 with increasingT prevented measure
ments at higher than 25 K.

B. Nonferromagnetic phases

As discussed in Sec. II spin-lattice relaxation in both t
non-FM SG and LS phases in LSCO does not follow a sin
exponential form. The stretched-exponential form given
Eq. ~1! gives a good fit to the recovery curves shown in F
3 for the two frequencies shown. This shows that there
distribution of spin-lattice relaxation rates, which suggest
distribution of environments. This type of relaxation beha
ior is characteristic of glassy systems and may, in so
cases, be associated with nearby ‘‘sinks,’’ such as rap
relaxing magnetic ions or spin clusters.31 The relaxation re-
sults provide strong support for the inhomogeneous natur
LSCO. The value for the exponenta is found to decrease
with temperature in the SG phase, which shows that
width of the distribution of relaxation times is increasin
with T in this region. The LS phase does not show t
change ina for the temperature range in which measu
ments could be made. ac susceptibility results on lowx
samples show peaks in bothx8 andx9 at T near 40 K.2 At
this temperature,x9 exhibits some frequency dependence
the range 10–104 Hz, indicative of dynamical behavior o
spin clusters. Figure 5 shows thex9 vs T curve for x
50.12, where SG and CG regions are important.2 A close
inspection shows small frequency-dependent structure in

FIG. 5. Complex susceptibilityx9 vs T at several frequencie
for a LSCO sample withx50.12. Data from Ref. 2.
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curves forT,40 K. These features are consistent with d
namical behavior of some regions, or clusters, in the
phase persisting at lowT, which is in agreement with the
present interpretation of the NMR data.

It is instructive to compare the integrated signal amp
tudes for the FM and non-FM LS phases14 as a function ofx
with the magnetoresistance~MR! results for the same
samples.2 Plots of these data are shown in Fig. 6. Clear
there is a close correspondence of the FM phase with
colossal-magneto resistance-type~CMR-type! behavior and
of the non-FM phase with the low-T MR. At low tempera-
tures, the MR is primarily determined by the spins in SG
CG regions, while close toTC the CMR is due to the FM
regions. The sizes of the LS and CG phases are likely to
similar ~see below!. It is apparent that, in magnetic fields o
several tesla, there are fluctuating moments present at loT
in the non-FM regions, consistent with the model used
the present NMR analysis.

The size of the IS cluster-glass and LS regions in LSC
has not been well determined. A possible model for th
regions may be sought in work done on lightly doped ma
rial. Yamaguchi and co-workers have made magnetic32 and
infrared spectroscopy33 measurements on an undoped sam
and on samples withx values in the range 0.002–0.01. Ho
doping is found to induce local IS structures, interpreted
spin polarons, with effective spinsS in the range 10–16. The

FIG. 6. ~a! Plot of magnetoresistance as a function ofx for
LSCO at lowT and for T'TC . Data from Ref. 2.~b! Integrated
59Co NMR signal amplitudes vsx for LS and FM phases atT
51.9 K. Data from Ref. 14.
5-5
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HOCH, KUHNS, MOULTON, REYES, WU, AND LEIGHTON PHYSICAL REVIEW B69, 014425 ~2004!
magnetic susceptibility at lowT shows Curie-like behavior
For x50.002, the magnetization at a givenT can be fit using
a Brillouin function plus a linear field term, which allows fo
interactions between the clusters. At the maximum field u
~5 T!, the magnetization has not saturated, implying that
interactions are still important. It is plausible that low
frequency temperature-dependent dynamical effects of s
localized magnetic clusters provide a spin-lattice coupl
mechanism in the non-FM phase-separated regions of m
highly doped material. These data can also be interprete
terms of superparamagnetic clusters. However, it is uncer
that relatively large superparamagnetic clusters will exh
fluctuations on a time scale sufficiently short to be import
in nuclear relaxation at low temperatures but this possibi
cannot be excluded.

In our model, local spin fluctuations give rise to fluctua
ing fields which induce nuclear relaxation according to
relation34

1

T1
5Cr26, ~7!

with

C5
2

5

gS
2g I

2\2S~S11!t

~11v2t2!
. ~8!

Here t is the S spin-correlation time for the spin polaro
fluctuations, andr is the separation between a nuclear s
and the effective fluctuating electronic moment.gS and g I
are the electron and nuclear magnetogyric ratios, res
tively. The other symbols have been defined previously. N
that S is the effective spin, which may be an order of ma
nitude larger than that of a single spin. The distribution
relaxation times follows naturally in this picture because
the distribution of distancesr. It is furthermore likely that the
fluctuating moments have a distribution of correlation tim
t. Spin-diffusion effects can play a role by increasing t
length scale over which relaxation operates. The fact thaT2
shows single exponential behavior suggests that spin d
sion may be effective, at least in the LS regions, since
distribution of nuclear quadrupolar couplings, which is o
served in the doped material, may be smaller than in the
regions.15 The disordered nature of LSCO on a microsco
scale makes quantitative analysis of the relaxation-time
sults difficult.

The 59Co spacing in the pseudocubic structure is 0.3
nm ~Ref. 1! and the calculated second moment contribut
due to Co-Co dipolar interactions is 1.1 g2. This gives a
contribution to 1/T2 of 6.103 s21. If 139La contributions are
included, the calculated second moment is increased
roughly 0.3 g2 for x50.14, with a corresponding increase
the estimated 1/T2 contribution to 7.53103 s21. This is
comparable to the low-temperature asymptotic experime
value obtained by Kobayashiet al.23 (3.03103 s21) for one
of the nuclear quadrupole resonance satellite peaks in
doped LaCoO3. The measured values ofT2 at 2 K for the
present samples were considerably shorter than this va
consistent with additional contributions from magnetic ion
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It is possible to obtain an upper limit on the size of the L
regions using the relaxation rate expression for the fluctu
ing spin cluster model. Ignoring any distribution of correl
tion times, assumingt is 1029 s, which is near the optima
value for relaxation (v51/t), and takingS510 gives a
length scale of 6 nm. While spin diffusion is likely to b
strongly inhibited in this noncubic system, if allowance
made for some spin diffusion with a diffusion constantD
'2310213 cm2 s21, as calculated from the59Co dipolar
second moment,r could be increased by roughly a factor
2, leading to an upper limit of 12 nm for the effective leng
scale of a low-spin region. The average size is likely to
somewhat less than this. Note that because of the inv
sixth power dependence of the relaxation rate onr, the
choice of values for quantities used in determiningC is not
crucial in the above estimate. Assuming that the fluctuat
moments are distributed in the IS regions, it is likely th
these are of similar size to the LS regions. However,
direct estimate of the size of the IS regions can be given fr
the present results. In principle, the behavior ofT1 with T
provides information on the spin cluster dynamics. The
crease of the relaxation rate withT in the above model can b
explained if it is assumed that the correlation timet for the
fluctuating moment is decreasing withT and thatvt.1,
with v the NMR frequency. The poor signal-to-noise rat
prevented measurements at temperatures above 10 K an
model could not be tested properly. In a more complete tre
ment, allowance should be made for spin state transition
the LS regions.

IV. CONCLUSIONS

The present work, involving59Co relaxation-time mea-
surements, has confirmed the mixed phase properties o
doped cobaltites and has established that double exchan
the likely source of nuclear relaxation in the FM regions
these materials. The correlation time for the double-excha
process is in the picosecond range and is found to incre
with temperature between 2 and 25 K. Possible mechani
for this behavior with temperature include the coupling
spins and dynamical lattice distortions.55Mn NMR results
for (La,Na)MnO3 perovskites, obtained by other worker
lead to similar conclusions, although the detailed behav
for the two systems is different. Electron-lattice interactio
are clearly of great importance in understanding the inter
ing properties of these materials, and the NMR results p
vide information on these interactions.

High-field 59Co relaxation-time measurements made
the non-FM phase confirm the presence of both LS and
regions, which interpenetrate the FM regions. A clear cor
lation is observed between the CMR-type magnetoresista
which occurs nearTC , and the extent of the FM regions a
determined by NMR, whereas the low-temperature mag
toresistance response is correlated with the non-FM regi

For the non-FM phases it is suggested that the relaxa
behavior is due to spin fluctuations. The observed stretc
exponential recovery of the nuclear magnetization points
distribution of fluctuating moments,with a distribution o
5-6
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correlation times. Relaxation processes are significa
stronger in the IS regions than in the LS regions, indicat
that the fluctuating clusters are distributed in the IS sp
glass phase. An estimate of the size of the LS regions, b
on the present results, suggests an upper limit of 12 nm.
is consistent with the nanoscale texture found in other do
perovskite systems.
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