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The magnetoelectronic properties of La1−xSrxCoO3, which include giant magnetoresistance, are
strongly dependent on the level of hole doping. The system evolves, with increasing x, from a
spin glass insulator to a metallic ferromagnet with a metal-insulator (MI) transition at xC ∼ 0.18.
Nanoscale phase separation occurs in the insulating phase and persists, to some extent, into the
just-metallic phase. The present experiments at 4.2 K have used 139La NMR to investigate the
transition from hopping dynamics for x < xC to Korringa-like ferromagnetic metal behavior for x
> xC. A marked decrease in the spin-lattice relaxation rate is found in the vicinity of xC as the
MI transition is crossed. This behavior is accounted for in terms of the evolution of the electronic
structure and dynamics with cluster size.

I. INTRODUCTION

The magneto-electronic properties of the cobaltite
La1−xSrxCoO3 (LSCO), which exhibit interesting emer-
gent characteristics with increase in hole doping, have
been summarized in a number of increasingly detailed
phase diagrams1–4. The system evolves from an insulat-
ing spin glass (SG) phase at low doping (x < 0.10) to a fer-
romagnetic (FM) ordered metallic phase at high doping
(x > 0.25). A percolation mediated insulator-metal (MI)
transition occurs at xC ∼ 0.18. The interesting and un-
usual transport phenomena that are found in LSCO, in-
cluding giant magnetoresistance (MR) effects, are linked
to nano-scale magneto-electronic phase separation that
occurs for a range of x values3,5–12. For x < xC the ma-
terial shows large field-cooled low temperature magneti-
zations indicative of strong ferromagnetic correlations3.
SG behavior is observed at low temperatures in ac sus-
ceptibility and magnetic aging experiments11.
The Zener double exchange (DE) mechanism13,14,

which is used to account for the electronic properties of
the hole-doped manganites, has been widely adopted in
discussing the properties of LSCO. In contrast to the
manganites, the similarity in the crystal field splitting
and the Hund’s rule exchange energy in LSCO leads to
close competition of different spin configurations involv-
ing the occupations of the t2g and eg states3. The spin
states for an octahedrally coordinated Co3+ ion are low
spin (LS), t62ge

0
g (S = 0), intermediate spin (IS) t52ge

1
g (S

= 1) and high spin (HS) t42ge
2
g (S = 2). Because of the

small energy differences between the various spin states
the nature of the DE interaction between Co3+ and Co4+

ions in LSCO has been the subject of some debate.
The large MR and glassy behavior of LSCO have been

accounted for using a magnetic cluster model involv-

ing short-range ordered FM regions situated in a glassy
matrix3,11,15. The presence of short-range ordered FM
regions is supported by neutron scattering on single crys-
tals which show a finite FM correlation length for x < xC

and a dramatic increase as x → xC

16. Neutron scattering
experiments suggest that an incommensurate magnetic
phase coexists with FM at low temperatures for 0 < x <

0.308. Evidence for dynamic Jahn-Teller (JT) distortions
in the metallic phase has been obtained in the neutron
scattering experiments16. Small changes in rhombohe-
dral distortion of the lattice with increasing x have been
observed in neutron diffraction experiments15.

As the MI transition is approached and crossed FM
clusters merge to produce extended metallic regions. The
magnetoresistance at 10 K decreases markedly as x in-
creases from 0.1 to 0.2 corresponding to the evolution
of the cluster morphology from separated clusters to the
FM metallic state9. However, some phase separation per-
sists above xC with FM regions coexisting with a SG or
cluster glass matrix in the range 0.04 < x < 0.229,17. In
the FM metallic phase, x > 0.22, heat capacity results
have shown a narrow conduction bandwidth and a car-
rier mass comparable to that in heavy fermion systems17.
An analysis of the critical behavior of the magnetization
in the vicinity of the Curie point for three selected single
crystal LSCO samples with x > xC shows that the crit-
ical exponent, κ, values for x = 0.25 and 0.33 are close
to the 3D Heisenberg model predictions for a FM while
κ for the x = 0.21 sample is larger and close to the mean
field value18. This finding points to the inhomogeneous
ground state nature of the x = 0.21 sample in contrast
to the homogeneous FM character of the samples with
higher x values18.

Changes in the electronic properties of bulk LSCO, as
the system transforms, with increasing x, from an insula-
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FIG. 1. (color online). Semi-log plot of the 139La relaxation
rates, 1/T1 , at 4.2 K for crushed La1−xSrxCoO3 single crys-
tals (x = 0.05, 0.15, 0.18 and 0.30) as a function of the 139La
hyperfine field Bhf . For x = 0.05, 0.15 and 0.30 there is an
increase in 1/T1 with Bhf , while for x = xC = 0.18 1/T1 re-
mains roughly constant. These trends are discussed in the
text. The 1/T1 values at Bhf = 2 T show a marked decrease
with x as presented in detail in Fig. 2. The text with arrows
(top and right hand axes) provides a guide to the property
changes with increasing x and decreasing 1/T1. The inset
shows a plot of the stretched exponential exponent β (defined
in the text) vs. Bhf . The increase in β with x, and in certain
regions with Bhf , points to a decrease in the width of the
relaxation rate distribution as the material becomes metallic.

tor to a FM metal, have been investigated using density
functional theory calculations19–21. For x < 0.2 the re-
sults support the model of mixed valence Co ions and
phase separation involving metallic clusters in a hole-
poor, low spin (LS) matrix. For x > 0.2 the calculations
predict that phase separation is no longer significant and
that a metallic phase emerges21. A recent dynamical
mean-field theory combined with density functional the-
ory (DFT + DMFT) approach indicates that coherent t2g
bands emerge at the Fermi level for x > 0.2. The analysis
suggests that the DE mechanism with an eg conduction
band is not appropriate for the metallic phase of LSCO22.

The magnetic and electronic properties of x = 0.3
LSCO films, measured as a function of epitaxial strain,
are consistent with a narrow t2g-derived conduction
band23. The narrow t2g band in LSCO contrasts with
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FIG. 2. (color online).(a) 139La 1/T1 values for LSCO as a
function of x at 4.2 K for selected Bhf values (1, 2, 2.4 and
3 T) as indicated in the Fig.2(b) inset which shows 139La
NMR spectra, at 4.2 K, as a function of Bhf . In Fig.2(a)
there is a marked decrease in 1/T1 near the MI transition at
xC = 0.18 due to changes in the electronic structure as the
transition is crossed. (b) Stretched exponential exponent β vs.
x showing a marked increase across the MI transition. The
observed change in β above xC is consistent with an increase
in homogeneity in the FM metallic phase as discussed in the
text.

the larger bandwidth of the eg-derived band in the doped
manganites. This bandwidth difference is consistent with
estimates based on NMR spin-lattice relaxation rate re-
sults for the x = 0.3 samples of these two oxides24. The
recent findings for LSCO suggest that the DE interac-
tion in LSCO involves the t2g derived states of HS Co3+

(t42ge
2
g) and Co4+ (t32ge

2
g) ions

20,23.

X-ray magnetic circular dichroism (XMCD) measure-
ments on single crystals of LSCO have revealed that hole
doping induces magnetic oxygen hole states with mo-
ments that vary with x20. Complementary theoretical
calculations show that the O moments depend on the
number of Sr neighbors20. The hybridization of the Co
3d states with O 2p states plays an important role in
establishing large transferred hyperfine fields at neigh-
boring 139La sites which can be probed using magnetic
resonance techniques6. Using this approach information
on the evolution of the spin dynamics with temperature
has been obtained for a set of LSCO samples with x val-
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ues in the range 0.05 - 0.34. The findings have been
incorporated into the phase diagram for this system4.
The present low temperature 139La NMR experiments

reveal changes in the spin dynamics which accompany
the MI transition. This behavior is explained using ex-
pressions which allow for changes in the electronic states
of the system with x.

II. EXPERIMENTAL DETAILS AND RESULTS

The LSCO single crystal samples, which were grown
in a floating zone furnace, were crushed to a mean size
of 20 µm to minimize skin depth effects in the metallic
material. The 139La (I = 7/2, 139γ/2π = 6.015 MHz/T)
measurements were made at 4.2 K in a field-sweep su-
perconducting magnet, with fields in the range 10 – 14
T. A pulsed NMR spectrometer, operating at 84.2 MHz,
was used to record spectra from spin-echo responses as
described previously4. In LSCO, the transferred hyper-
fine interactions at 139La sites, produced primarily by
the nearest-neighbor Co ions via surrounding octahedral
O atoms, give rise to a local field Bhf which, to a good
approximation, is directed along the applied field. Rapid
exchange processes average the hyperfine field over the
different spin states of the neighbor Co ions involved in
the process. Variations in Bhf from hole-rich to hole-poor
regions of the Sr doped crystals give rise to a distribu-
tion of 139La spectral shifts from < 0 T to > 4 T. Broad
NMR lines are found for samples over a wide range of x
values4.
Figure 1 shows the 1/T1 values at 4.2 K as a function

of Bhf for four samples in a semi-log plot. Figure 2a
plots 1/T1 as a function of x for particular Bhf values in
the range 1 – 3 T. Sigmoidal curves are fit to the data as
shown. The inset in Fig. 2b gives the 4.2 K 139La spectral
shapes for x = 0.30, 0.18, 0.15, and 0.05, as a function
of hyperfine field shift, Bhf , measured from the 139La
resonance field in a non-magnetic environment. The ob-
served range of Bhf values, and the asymmetric shapes of
the 139La spectra have been discussed previously using a
statistical cluster model for the Sr ion distribution in the
lattice4. Below xC, the x = 0.05 and 0.15 results show
1/T1 increasing by roughly a factor of 5 as Bhf increases
from 0.5 to 2.5 T. For x = 0.18, however, the trend across
the spectrum is different with the 1/T1 values decreasing
slightly for Bhf > 1 T. For x > xC , where the FM cor-
relation length diverges16, the 1/T1 values are markedly
lower, by more than an order of magnitude, than for x <

xC.
Because of the large linewidths, with full-width-half-

maximum (FWHM) values of 1 to 2 T (6 – 12 MHz),
the relaxation rate measurements were made using hole-
burning procedures across the spectrum. The RF pulse
lengths ∼ 2.5 µs correspond to a spectral width of 400
kHz (0.06 T) which is much less than the linewidth. The
behavior of the 139La spin-lattice relaxation rate with
temperature for LSCO is discussed in Ref. 4 in terms of
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FIG. 3. (color online). (a) Correlation times, τ , for the hyper-
fine field fluctuations at 139La sites in LSCO as a function of
the average Bhf for x = 0.05, 0.15, 0.18 and 0.3. The values
are derived from 1/T1 for 139La at 4.2 K with use of Eq. (A4)
as described in the text. The τ values for x = 0.3, are consis-
tent with Eq. (A3), and are shown for comparison purposes
with those for x ≤ xC. (b) Correlation times τ at Bhf = 2 T
as a function of x. The sigmoidal curve through the points is
a guide to the eye.

thermally activated processes. These processes are not
expected to play a significant role in low temperature
nuclear relaxation in FM clusters.
The nuclear magnetization recovery curves, used to

measure 1/T1, exhibit stretched exponential behavior at

low temperatures given by the formM/M0 = 1−e−(t/T1)
β

where M0 is the equilibrium nuclear magnetization at a
given temperature with the exponent β ≤ 1 which implies
a distribution of T1 values. Low β values corresponds to
broad T1 distributions and provide a signature of mag-
netic inhomogeneity in LSCO.25. For β ∼ 0.7 the dis-
tribution has a FWHM ∆T1 ∼ T1 and the distribution
increases in width for smaller β values16.
The inset in Fig. 1 gives β as a function of Bhf for the

four x values shown. For x ≤ 0.18 we find that β < 0.5
over the range 0 < Bhf < 2 T. Gradual changes in β occur
with increase in Bhf . For x = 0.3 we have Bhf > 0.75
and, within experimental uncertainty, the value remains
roughly constant for 2 < Bhf < 3.5 T. Inspection of the
1/T1 vs. Bhf and β vs. Bhf plots provides a clear indica-
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tion of the very different natures of the FM regions for x
above and below xC. Large Bhf values occur both in lo-
cal clusters (x < xC) and in extended metallic regions (x
> xC) which have quite different NMR relaxation prop-
erties. Figure 2b shows β vs. x for four selected Bhf

values, as indicated in the inset in Fig. 2a, together with
sigmoidal fit curves. In contrast to the marked decrease
in 1/T1 with x in Fig. 2a, β increases from 0.35 to 0.8 as
x passes through xC. The increase is consistent with a
change from a broad distribution of T1 values in the in-
homogeneous insulating phase to a narrower distribution
in the more homogeneous metallic phase.
The spin-echo decay curves from which the spin-spin

relaxation rate, 1/T2, can be obtained (not shown) are
well fit with single exponentials for x < xC and with Gaus-
sian functions for x > xC. At 4.2 K the 1/T2 values ex-
hibit little change across the spectrum, for any x value,
but do show a small decrease for x > xC. In Section III
we examine the behavior of 1/T1 as a function of x and
Bhf .

III. DISCUSSION

The 4.2 K relaxation rates, plotted vs. Bhf in Fig. 1,
and vs. x, for selected Bhf values in the range 1 - 3 T,
in Fig. 2a, exhibit a marked dependence on x as the MI
transition is approached and crossed. The 1/T1 values at
2 T in Fig. 2a show two distinct quasi-plateau regions;
firstly for 0.05 < x ≤ 0.1, and secondly for x ≥ 0.25, with
a large step-like decrease in 1/T1 near xC. Similar low x
plateau behavior is found for the relaxation rates at Bhf

= 1 T. The 1/T1 values at 1 T and 2 T converge for x
→ xC as is evident in Fig. 2a. It is clear that the spin-
lattice relaxation mechanism, at constant Bhf , evolves
dramatically with x across xC.
In comparing nuclear relaxation rates at particular

hyperfine fields in samples with different x values it is
important to note that for x < xC large Bhf values
can occur in regions with a broad distribution of sizes.
These regions include small clusters, with dimensions of
the order of several lattice distances, in which there are
large Sr concentrations as detected by neutron scatter-
ing experiments16. The neutron scattering measurements
show diverging FM correlation lengths for x → xC as
clusters grow and coalesce16. As mentioned in section I,
recent x-ray absorption spectroscopy and x-ray magnetic
circular dichroism experiments on LSCO have shown that
a small but significant part of the local spin moment due
to hole doping is located on the O atoms. The moments
at a particular O site are sensitive to the number of ad-
jacent Sr ions20. This finding helps in understanding the
broad distribution of transferred hyperfine fields at 139La
sites.
It is interesting to note that the coercive field at 5 K de-

creases by roughly an order of magnitude as x approaches
and passes through xC

26. The change is attributed to the
transition from magnetization rotation in separated clus-

ters to domain wall motion in the FM metallic phase26.
The behavior of the coercive field with increasing x is
very similar in form to that of the NMR relaxation rate
in Fig. 2a which suggests that both quantities are linked
to the emergent cluster properties. Neutron scattering
has shown that for x = 0.15 at low T the correlation
length for FM clusters is ∼ 1.5 – 2.5 nm7. The electronic
structures in these small regions differ from those for x
> xC in which metallic regions are present with a Fermi
surface and a quasi-continuum of electron states. The
electron dynamics correspondingly evolve with increase
in x. The changes in 1/T1 with x reflect the changes in
the electronic structure. We note that a hopping mecha-
nism has been invoked to explain the relaxation of 139La
in the manganite La1−xNaxMnO3

27.
The appendix gives expressions for 139La spin-lattice

relaxation rates, firstly for x > xC in Eq. (A3), and, sec-
ondly for x < xC in Eq. (A4). For x > xC the approach is
based on an anisotropic hyperfine model introduced pre-
viously for nuclear relaxation (59Co or 55Mn) in metallic
cobaltites and manganites24. Equation (A3) is shown to
be similar in form to the Moriya relation for magnetic
metals28 given in Eq. (A1).
Using the Moriya expression in Eq. (A1) the 4.2

K 59Co relaxation rates for LSCO with x = 0.3 have
previously been analyzed with the density of states
ρ(EF ) = 22.8 eV−1 based on electronic specific heat
measurements29. As an approximation it is assumed that
ρ2↑ ≈ ρ2 for this FM metal24. The experimental value for

the 59Co 1/T1T value is ∼300 (sK)−1 and this is in agree-
ment with the estimate obtained using the above value
for ρ(EF ) with Eq. (A1) and taking F (Γ)=124. The
agreement between theory and experiment for 59Co re-
laxation confirms the FM metal nature of the x = 0.3
LSCO sample from an NMR perspective. Equation (A1)
can be adapted to the transferred hyperfine field induced
139La relaxation in metallic La0.7Sr0.3CoO3 by using the
density of states for this system, as given above, and
the ratio of the measured 1/T1T values in order to es-
timate the effective transferred hyperfine field at 139La
sites. The experimental value from Fig. 2a of 1/T1T ≈
2.4 (sK)−1 gives

〈

BLa
1

〉

F
∼ 1.4 T.

Qualitatively, the behavior of 1/T1 as a function of x,
at constant Bhf , as shown in Fig. 2a, is described as
a transition from exchange mediated relaxation in finite
clusters for x < xC, to itinerant electron scattering in ex-
tended metallic regions for x > xC. In this picture, the x
< xC plateau regions in 1/T1 in Fig. 2a correspond to the

product
〈

∆Bhf

〉2

Ins
τ remaining approximately constant

as x increases. As x approaches and passes through xC

the electronic structure evolves with the magnetic clus-
ters merging into long-range ordered structures with a
Fermi surface. When the itinerant electron conduction
band is established the 139La relaxation rate, at particu-
lar Bhf values, tends towards fully developed FM metal
behavior giving the plateau at high x in Fig. 2a.
On the insulating side of the MI transition where FM

nanoclusters of varying sizes are important the analysis of
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the 139La relaxation rate results can be carried out only
by making a number of assumptions about the parame-
ters involved in Eq. (A4). We assume that the ampli-
tude of the fluctuating hyperfine field is proportional to
the static average field and take

〈

BLa
1

〉

= fBhf with the

factor f < 1. Based on the estimate of
〈

BLa
1

〉

obtained
for the metallic x = 0.3 sample using Eq. (A1), as given
above, we choose f ∼ 0.5. This fairly crude assumption
ignores dopant-dependent local structural distortions, in-
cluding Jahn-Teller distortions, which may alter the fluc-
tuating transferred hyperfine interaction at 139La sites.
The approach used provides a semiquantitative analysis
of the experimental results in the insulating phase.
From the 1/T1 data in Fig. 1, making use of Eq. (A4)

for x < xC, with
〈

BLa
1

〉

= 1
2Bhf we obtain the correlation

time τ as a function of x for Bhf = 2 T as shown in Fig.
3b. The data are fit with a sigmoidal curve. For compar-
ison purposes, and based on the discussion given above,
τ values are also shown for the x = 0.3 sample using Eq.
(A4). The estimated values should be viewed with cau-
tion, particularly in the vicinity of the MI transition and
for x > xC. Nevertheless, the analysis provides insight
into the evolution of the electronic properties with in-
creased hole doping. Figure 3b suggests that τ decreases
by close to two orders of magnitude as x increases from
0.05 to 0.3.
Figure 3b shows that for x = 0.05 and x = 0.15 the

τ values are very similar and decrease from ∼ 2 ps to
∼ 0.2 ps as Bhf increases from 0.5 to 2.0 T. The grad-
ual decrease in τ with Bhf on the insulating side of the
MI transition is determined by the relatively weak de-
pendence of 1/T1 on Bhf . For the x = 0.18 sample the
τ values are significantly shorter than for x < xC. The
marked decrease in τ at x = xC is, however, qualitatively
consistent with expectations as the metallic phase is en-
tered and the Fermi surface is established in extended
regions.
For x < xC the gradual almost linear increase in 1/T1

with hyperfine field in the range Bhf as shown in Fig. 1,

should, from Eq. (A4), have the form 1/T1 ∝ (Bhf )
2
τ

as given above. We note that for x values 0.05 and 0.15
the calculated slopes from Fig. 1 (Bhf < 2 T) are sig-
nificantly less than 2 and, in terms of the proposed re-
laxation model, it follows that across the spectrum the
effect of an increase in ∆Bhf on 1/T1 is largely offset
by a decrease in τ . This conclusion is supported by the
observation that for Bhf > 1.5 T the 1/T1 values for x
= 0.15 pass through a maximum and then decrease. The
featureless behavior of 1/T1 as a function of Bhf for x =
0.18 in Fig. 1 is consistent with mixed phase character
at the MI transition.
It is possible that for x < xC both intra-cluster and

inter-cluster hopping processes, which are important for
electrical transport, contribute to the 139La relaxation
rate. However, examination of Fig. 1 shows that 1/T1

decreases as x is increased from 0.05 to 0.15. This small
change in the relaxation rate with x points away from an
inter-cluster hopping mechanism being significant in nu-

clear relaxation at 4.2 K and indicates that intra-cluster
exchange plays the major role.
In summary, our low temperature 139La relaxation rate

measurements on LSCO have probed the evolution of
changes in the electronic structure with x across the MI
transition at xC. In the insulating phase the correlation
times for hyperfine field fluctuations at 139La sites are
found to depend on x. The results are consistent with
the development of magnetic clusters with increasing x
which give rise to a percolation transition at xC. Esti-
mates are made of the exchange correlation times in the
less metallic and more metallic sample regions. For x >

xC a conduction band characterized by a density of states
at the Fermi level is established as the clusters coalesce
and form extended metallic regions. A dramatic change
in the 4.2 K 139La spin-lattice relaxation rate occurs at
the MI transition as a result of changes in the electronic
structure and associated changes in the electron spin dy-
namics.

IV. CONCLUSION

The present 139La NMR measurements made on LSCO
as a function of hole-doping is at low temperatures reveal
that the spin-lattice relaxation rate undergoes a large
decrease, by close to two orders of magnitude, in the
vicinity of the MI transition. This behavior is linked
to the change in the electronic structure from localized
cluster states in the insulating phase to itinerant metallic
states in the conduction band for x > xC. The results are
analyzed using an approach which allows for changes in
the electronic structure, and hence in the electron spin
dynamics, as x is increased through xC.
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Appendix A: NMR SPIN-LATTICE RELAXATION

EXPRESSIONS FOR LSCO

The classic Moriya relaxation rate expression28 for the
magnetic ions in a ferromagnetic metal, such as cobalt,
in which the orbital processes have been shown to be of
dominant importance can be written as24
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1

T1
= C

〈

Bhf

〉2

F

(

ρ2↑ + ρ2↓

)

F (Γ)T, (A1)

where C = (16π/5)γ2
I~kB and 〈Bhf 〉F = µ/〈r3A〉F is the

d-electron orbital field with 1/〈r3A〉F the inverse radius
cubed averaged over the Fermi surface of the d band,
γI is the nuclear gyromagnetic ratio and ρ↑ and ρ↓ are
the densities of states at the Fermi energy, EF , for spin
up and spin down electrons, respectively. The function
F (Γ) gives a measure of the t2g orbital admixture in the
wave function atEF , with a maximum value of unity28,30.
Equation (A1) has been used24 to analyze the 59Co relax-
ation rates for La0.7Sr0.3CoO3 using the density of states
from electronic specific heat measurements as discussed
in Section III.

For hole-doped noncubic perovskites, such as the
cobaltites, with x > xC, a somewhat different approach
has been proposed to describe nuclear spin-lattice relax-
ation of the transition metal ion nucleus. The approach
involves fluctuations in the local hyperfine field charac-
terized by a correlation time24. The model allows for
anisotropy in the hyperfine interaction. We adapt the
model to the case of relaxation due to time-dependent
transferred hyperfine fields at 139La sites in LSCO. The
Hamiltonian has the form H = I · A · S where I is the
139La nuclear spin operator and S the Co ion electron
spin operator with A the hyperfine tensor. We assume
that S and I are quantized along different directions z
and z′ oriented at an angle α to one another. The prin-
cipal values of A are denoted Ai(i = 1, 2 and 3). As
shown in Ref. 24, with y and y′ chosen to coincide, the
Hamiltonian can be written as

H = A1Ix′Sz sinα+
1

2
A3Iz′Sz cosα+ .... (A2)

The dots represent terms containing the S spin raising
and lowering operators which are omitted since S spin-
flip processes are unimportant at low temperatures in this
ferromagnetic system. Note that Ix′ can be expressed
in terms of the I spin raising and lowering operators.
The first term in Eq. (A2) is responsible for spin-lattice

relaxation while the second term plays a major role in
spin-spin relaxation. It is convenient to put γI B1 = A1

Sz sinα in Eq. (A2) and to use this form in obtaining
the time correlation function G1(τ) = 〈B1(τ)B1(0)〉 of
the fluctuating transverse hyperfine field. The spectral
density is obtained by taking the Fourier transform of the
correlation function assuming the exponential decay form
with correlation time τ . The hyperfine field fluctuations
occur in the short correlation time limit with ωIτ << 1.
In order to proceed we generalize the approach and

distinguish between two limiting cases. The first corre-
sponds to a metallic system with a Fermi surface and
Fermi energy EF . Only states with energies close to EF

participate in relaxation and we have

1

T1
= γ2

IB
2
1(

T

TF
)τF . (A3)

In this metallic limit we take the time τF ≈ ~/EF =
~/kBTF

31 and insertion into Eq. (A3) with ρ(EF ) ≈
N/EF gives an equation of the form of Eq. (A1) differing
only in a numerical factor. On the insulator side of the
MI transition the density of states in nanoclusters (∝ N)
is low with states separated by energies comparable to or
possibly greater than kBT . In this limit we take

1

T1
= γ2

IB
2
1τ, (A4)

which is of the form of the expression for nuclear re-
laxation due to a fluctuating local field obtained using
Redfield theory32. The transition from Eq. (A3) to Eq.
(A4) occurs across the MI transition as the carrier (hole)
dynamics change from itinerant scattering in the metal-
lic phase, characterized by the time τF , to local exchange
processes, with correlation time τ , in the FM nanoclus-
ters. We are likely to have a distribution of correlation
times, corresponding to a distribution of α due to factors
such as Jahn-Teller distortions in these complex systems.
It follows that the nuclear magnetization recovery curves
are likely to display stretched exponential behavior as
observed in the experiments. Equations (A3) and (A4)
are used in the discussion of the LSCO relaxation rates
given in Section III.
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