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In contrast to ferromagnetic (FM) three-dimensional manganites, 3Mn NMR spectra obtained for the FM
phase of the colossal magnetoresistance bilayer manganite La;,Sr; gMn,O; show a broad distribution of
hyperfine fields at Mn sites. The hyperfine distribution reflects variations in the electronic structure at the local
level. 3Mn spin-lattice relaxation rates have a surprisingly weak dependence both on temperature and on
applied magnetic field. Significant departures of the relaxation rate from Korringa temperature dependence
below 40 K provide evidence for nonFermi liquid behavior in this quasi-two-dimensional metal. At tempera-
tures approaching 7~ from below, in the range where colossal magnetoresistance appears, further anomalous
and field-dependent behavior is found in the relaxation rate temperature dependence. The results provide
evidence for changes in the electronic structure with temperature in this poorly metallic system. At low
temperatures the changes are possibly linked to orbital ordering effects. In addition, statistical fluctuations in
dopant concentration may play some role in inducing local variations in the electronic structure. Above 90 K

the emergence of polarons is likely to be responsible for the observed decrease in the relaxation rate.
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I. INTRODUCTION

The bilayered manganites La,_,,Sr;,,,Mn,05 exhibit in-
teresting and challenging magnetoelectronic properties, in-
cluding colossal magnetoresistance (CMR), that involve
spin, charge, and orbital ordering.!~® The crystal structure
consists of perovskite [ (La;_,Sr,)MnQs], bilayers separated
by insulating nonmagnetic blocking rocksalt layers of
[(La;_4Sr,)O] in a body-centered tetragonal structure with
the layers stacked along the ¢ axis. For x in the intermediate
doping regime (0.32 <x<0.40) the ground state is ferromag-
netic (FM) with a Curie temperature T->100 K, which is
dependent on x and to some extent on sample quality. The
high-temperature phase is designated as paramagnetic (PM)
insulating.!”-8 A metal-insulator transition accompanies the
magnetic transition at 7. CMR is found for 7 close to T¢
with maximum effect (20 000%) occurring for x=0.4." Jahn-
Teller (JT) distortions in the PM phase localize carriers pro-
ducing magnetoelastic polarons that play an important role in
determining the high-temperature properties of the
material.>~!> A number of investigations have suggested that
JT effects continue to play a role in the FM phase!'®!"15 but
x-ray and neutron-scattering results show the disappearance
of diffuse scattering disorder below T, which is interpreted
as polaron collapse at the phase transition.” It has been ar-
gued that polaron ordering in the FM phase can account for
the disappearance of diffuse scattering.!”> The presence or
absence of polarons in the FM phase is not yet firmly
established.

The low-T FM phase has been described as a fully spin-
polarized two-dimensional (2D) electron system with e,
electron transfer between Mn ions due to the double-
exchange (DE) mechanism.>!” The reduced dimensionality
enhances spin and charge fluctuations as 7 is increased.
Neutron-scattering experiments on single-crystal samples
show that the FM two-layer system is reasonably well de-
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scribed by the Heisenberg model allowing for anisotropic
intrabilayer and weak interbilayer exchange interactions. 18
In order to account for observed changes in the relative im-
portance of the d,2_2 and d3,2_,2 orbitals with x, and taking
into account the observed tetragonal symmetry of the lattice,
an orbital liquid state has been proposed, which is consistent
with strong electron correlation effects in the system.'®

Information on the 2D character of the Fermi surface has
been obtained both from theoretical calculations and, experi-
mentally, using various techniques including magnetic
Compton scattering and angle-resolved photoemission spec-
troscopy (ARPES).!%2? Some similarities to the Fermi sur-
faces of high-T, cuprates have been noted with Fermi arc
and pseudogap features.”’?> The spectral weight at Ej is
found to be very small and this is attributed to strong
electron-lattice coupling.?> Weak localization effects have
been considered for layered systems such as the cuprates and
layered manganites using a quasi-2D model.”> For
La, ,,Sr;,»,Mn,0, the magnetoresistance behavior with ap-
plied field is found to be consistent with this model in the
three-dimensional (3D) anisotropic metal limit at low
temperatures.??

Muon spin rotation experiments reveal that the correlation
time for local-field fluctuations increases as T is approached
from above and becomes very long and roughly constant
below T.2* A distribution of spin-lattice relaxation rates is
found giving rise to stretched exponential form for the relax-
ation function that points to an inhomogeneous distribution
of correlation times for the polaron dynamics.?*?3 The muon
spin rotation results suggest that the polarons are much larger
than in 3D manganites. Previous NMR work on this material
has focused on spectral lineshapes. Zero field (ZF) and low-
field 3 Mn spectra have been obtained at liquid-helium tem-
peratures in both single crystal?® and polycrystalline?’
samples, while ZF and in-field 39La spectra measurements
have been made on crushed single crystals over a wide range
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of temperature.?® The '*’La spectra have been interpreted as
providing evidence for field-induced ferromagnetism at tem-
peratures above 728 No previous NMR relaxation rate mea-
surements appear to have been made on this material. The
present experiments have used zero-field and low-field *>Mn
ferromagnetic NMR relaxation methods to probe the dynam-
ics of the metallic phase of La; ,Sr; ¢qMn,0O,. Open questions
for this system include the presence or absence of polarons in
the FM phase and the importance of effects such as weak
localization and electron-electron interaction at low tempera-
tures.

II. EXPERIMENTAL DETAILS

The x=0.4 single-crystal sample was cut from a larger
crystal grown in a floating-zone furnace. NMR spin-echo
experiments were carried out in zero field and in fields up to
10 T using a computer-controlled variable frequency spec-
trometer with auto tuning capability. >Mn spectra were ob-
tained by integrating spin echoes as a function of frequency.
Relaxation rate measurement procedures are described be-
low. Averaging was used to improve the signal-to-noise ratio
particularly at higher temperatures. Because the electrical
conductivity is roughly two orders of magnitude lower along
the ¢ axis direction than in the ab plane,1 the rf coil axis was
directed parallel to the ab plane to minimize skin depth ef-
fects. Estimates of the skin depth & give values much less
than 100 microns at 4 K increasing to greater than 1 mm at
120 K with a rapid increase with T occurring between 100
and 120 K corresponding to the decrease in electrical con-
ductivity by roughly two orders of magnitude in this tem-
perature range. The sample is roughly half cylindrical in
shape with dimensions 3.4 X 2.6 mm in the cleaved basal ab
plane and height parallel to ¢ of 1.4 mm. Mn signals could
be observed both in ZF and in higher fields at temperatures
over the range of 2-200 K in the single-crystal sample. The
signals at temperatures above T are attributed to small
amounts of 3D manganite intergrowth phase,”?’ with a con-
centration estimated from magnetization measurements of
~0.2%. This phase could be observed because of the large
signal enhancement factor in ferromagnets. It has been sug-
gested that differences in the measured 7~ values for differ-
ent samples may be due to different concentrations of
intergrowth.?” The single-crystal sample used in the present
experiments is of high quality with low intergrowth concen-
tration. Magnetization measurements were made as a func-
tion of temperature 7 and applied field H in a Quantum De-
sign vibrating sample magnetometer. Figure 1(a) shows M
versus T for B=puyH fields of 1 and 7 T along the ¢ axis
while Fig. 1(b) shows M versus T for the same fields with H
in the ab plane. Figure 1(c) shows M versus H at 4.1 K for
the two crystal orientations. As can be seen M saturates for
MoH ,>0.2 T at 4.1 K and there is some difference in the M
dependence on H and T in the two orientations, due to the
anisotropy of the system, with preferred ordering of the mag-
netic moments in the ab plane. Most of the NMR measure-
ments were carried out in applied fields of either 1 or 3 T
with additional spectra recorded in the range of 0-6 T.
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FIG. 1. (Color online) (a) and (b) Magnetization M versus T for
single crystal La; ,Sr; gMn,0O with applied fields ugH=1 and 7 T
parallel to the crystal ¢ axis [1(a)] and ugH=1 and 7 T in the ab
plane [1(b)]. (c) M versus H for the two applied field orientations at
4.1 K.

III. RESULTS

A. NMR spectra

Figure 2 shows the magnetic field dependence of *>Mn
spectra at 4 K with uyH, in the range of 0 to 6 T, applied in
the ab plane. The broad spectra show little change in shape
or position until the field exceeds 1 T. The spectral ampli-
tudes, which decrease with increasing H, have been normal-
ized for clarity. Similar behavior is obtained for H along c. In
addition to the >>Mn spectra for the x=0.4 bilayer crystal in
Fig. 2(a) *Mn spectrum obtained in an applied field of 3 T
for an x=0.3 sample of 3D La,_,Sr,MnO; (LSMO) at 10 K
(Ref. 32) is shown for comparison.

Figure 3(a) (H along c¢) and Fig. 3(b) (H in ab plane)
show representative spectra for the two bilayer crystal orien-
tations as a function of temperature in an applied field of 1 T
with the spectral amplitudes normalized. The vertical dashed
lines indicate the center frequency, given by the first mo-
ment, for each spectrum. The frequency shifts with 7 are
comparatively small consistent with the small changes in the
magnetization below 100 K shown in Fig. 1. The spectra are
fitted with multiple (three to five) Gaussian components as
shown in Fig. 3. As can be seen, two components are gener-
ally of dominant importance. No constraints were placed on
amplitudes or widths of the Gaussian components in the fit-
ting procedure.

To avoid complications due to the presence in this system
of both the intergrowth phase and domain walls,?*=3! both of
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FIG. 2. (Color online) Mn NMR frequency scan spectra for
single crystal La; ,Sr; sMn,O; (plotted points) at 7=4.1 K in ap-
plied fields from O to 6 T in the ab plane. The spectra shift to lower
frequencies as the field increases above 1.0 T consistent with satu-
ration of the magnetization as domain walls are swept out. The
hyperfine field at >Mn sites is clearly directed antiparallel to the
applied field. The much narrower spectrum for the 3D manganite
Lag 7Sr)3MnO;5 (red curve) obtained at 10 K in a field of 3 T (Ref.
32) is shown for comparison.

which can make a disproportionally large contribution to ob-
served ZF spectra because of large signal enhancement ef-
fects, the temperature dependence of spectra was studied in
saturating applied fields of 1-3 T. The FM signal enhance-
ment factor within domains, given by n=Hy/ (H,,i+H),
where H,; is the anisotropy field and H the applied field, is
typically large (~10°). In 3D FM the enhancement factor in
domain walls is typically one to two orders of magnitude
higher than this. Figure 4 shows the reduced enhancement
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FIG. 3. (Color online) >>Mn NMR spectra for single crystal
La; »,Sr; sMn,0O5 (a) at temperatures in the range from 10 to 120 K
in an applied field of 1 T in the ab plane; (b) at temperatures in the
range from 40 to 120 K in a field of 1 T along the ¢ axis. The
amplitudes of all spectra have been normalized to facilitate the
comparison of shapes. The fitted Gaussian curves suggest non-
equivalent Mn sites as discussed in the text.
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FIG. 4. (Color online) The ratio of 3Mn enhancement factors
N/ Nmin 0 Lay St eMn,O4, with 7,,;, the enhancement factor mea-
sured at 8 T, as a function of applied field directed parallel to ¢
(black squares) and in the ab plane (red circles). The dashed line at
1/ Yin=1 shows the high-field limit.

factor 7/ ;. as a function of applied field at 4.1 K, with
Tmin(~—3) the enhancement observed in high field. The ratio
N/ Nmin 18 reduced by more than an order of magnitude in
fields that sweep out domain walls and saturate M. The cen-
ter frequencies of the spectra are observed to shift to lower
values as H is increased, consistent with the hyperfine field
being aligned antiparallel to the applied field. Note that, as
expected, the shift does not depend linearly on H until M is
saturated.

Taking data in fields sufficiently large to produce satura-
tion of the magnetization has the added advantage of reduc-
ing the high-frequency magnetic permeability of the crystal
thereby increasing the skin depth. In addition, # for the lay-
ered material decreases close to T~ and becomes unity in the
PM phase, which is not true for the small intergrowth com-
ponent for which TIC6~280 K. Signals from the intergrowth
component could be detected up to 200 K with representative
spectra shown for an applied field of 1 T in Figs. 5(a) and
5(b). Spectra with significantly larger amplitudes were ob-
tained at 200 K in zero applied field. As mentioned above the
magnetization of the intergrowth phase saturates in very low
fields resulting in a reduced enhancement factor for this com-
ponent in applied fields larger than ~0.01 T. Application of
a magnetizing field was used to discriminate against signals
both from domain walls and intergrowth material. It is worth
noting that the spectra above T, attributed to the 3D inter-
growth phase, have a center frequency and linewidth similar
to those of 3D polycrystalline LSMO at comparable tem-
peratures, as given in Ref. 32. The center frequency for the
intergrowth phase signals occurs at frequencies separated by
~10% for the two field orientations used.

Comparison of these spectral areas with those for spectra
at 7<<100 K and allowing for skin depth changes across T
leads to an estimate of intergrowth concentration less than
0.5% consistent with the estimate given above based on
magnetization measurements. Relaxation rate measurements,
which are presented below, were made at a number of well-
separated frequencies at each temperature to check whether
rates were uniform across the spectrum. Similar relaxation
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FIG. 5. High-temperature 3Mn NMR spectra for single crystal
La; »,Sr; gMn,O; with (a) H parallel to the ¢ axis and (b) H in the ab
plane. These spectra obtained for 7>T, are much weaker than
those obtained at lower temperatures and are attributed to the inter-
growth phase with concentration <0.5% as discussed in the text.

rates and trends in rates with temperature were found at all
frequencies used. This finding provides further evidence that
spectra and relaxation rates obtained at temperatures below
T have negligible contributions from the intergrowth.

IV. RELAXATION RATES

Because of the large spectral width the relaxation rate
measurements involved hole burning at particular frequen-
cies in the spectrum demonstrating that the broadening is
inhomogeneous. Checks made using a frequency-hopping
saturation comb of pulses determined that spectral diffusion
is unimportant. The longitudinal nuclear magnetization re-
covery curves were found to be nonsingle exponential and
could be fit either with two exponentials or using the
stretched exponential form M=M[1-exp(-W;t)?]. From
the stretched exponential fits we find that the exponent S
decreases steadily from 0.5 to 0.3 as T increases from 4 to
100 K for the field in the ab plane. For the field along the ¢
axis (B remains roughly constant at 0.5 as the temperature is
raised. The stretched exponential form implies a distribution
of relaxation rates and a decrease in 8 implies a broadening
of the distribution. Transverse (spin-spin) relaxation rates W,
were measured using conventional spin-echo techniques and
the decay with time was found to be single exponential
within experimental uncertainty.

The temperature dependence of the spin-lattice relaxation
rate W, in a field of 1 T (applied in the ab plane for the
La,_p, Sri,;»xMn,05 crystal) is much weaker in the bilayered
material than in a representative FM 3D LSMO (x=0.3)
polycrystalline sample’? as shown in Fig. 6. For T>100 K,
the W, values are similar for the two materials, but at lower
temperatures W, for the 3D material decreases more rapidly
than in the bilayer crystal. Spin waves play an important role
in spin-lattice relaxation in the 3D system with conduction-
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FIG. 6. (Color online) *>Mn relaxation rates W, for the bilay-
ered crystal La; ,Sr; gMn,O5 (ugH=1 T and 3 T in the ab plane)
and for 3D manganite Lay;Srg3MnO;z (polycrystalline sample,
poH=3 T; Ref. 32) as a function of 7. For the bilayered system W,
exhibits a much weaker dependence on 7 than is found in the 3D
manganites where a spin-wave mechanism (Ref. 32) is dominant at
low T.

electron scattering of secondary importance in the tempera-
ture range considered.3?

Figure 7 shows spin lattice W; and spin-spin W, relax-
ation rates as a function of 7 measured at two different fre-
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FIG. 7. (Color online) >>Mn relaxation rates W, and W, in
La; ,Sr; gMn,05 as a function of 7 in the range from 4 to 110 K for
moH=3 T in the ab plane. Both quantities exhibit much weaker
dependences on T than is found in the 3D manganites (e.g., Ref.
32). W, exhibits a minimum at 50 K while W, tends to a roughly
constant value below 20 K suggesting that two competing relax-
ation mechanisms play a role at these temperatures.
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quencies in a field of 3 T in the ab plane. Similar results (not
shown) were obtained for B along ¢ and there is little orien-
tation or frequency dependence of the relaxation rates. W,
has a weak but approximately linear 7" dependence over part
of the range but with marked departures from this behavior
below 20 K and above 90 K. W, exhibits a pronounced mini-
mum around 50 K and is proportional to 7" between 60 and
110 K. The upturn in W, below 50 K suggests that longitu-
dinal fluctuations in the hyperfine field become increasingly
important in this range. It is interesting to note that the dc
electrical resistivity shows a minimum at 50 K.' The rela-
tionship between the behavior of the NMR transverse relax-
ation rate and the resistivity in this system requires further
investigation. In lower applied fields, including O T, the T
dependence of the relaxation rates is again rather weak with
W, and W, showing fairly similar behavior but with W, more
than an order of magnitude larger than W;. The similar trends
in W, and W; with temperature for 50<7<<90 K point to a
common mechanism for the two relaxation processes over
this temperature range, with anisotropy in the hyperfine in-
teraction responsible for the enhancement in W, compared to
W,.32 At temperatures below 40 K anomalous behavior in
both W, and W, is observed, which suggests a change in the
relaxation mechanism in this range.

V. DISCUSSION

In considering the spectra shown in Figs. 2 and 3 we note
that the >Mn NMR frequency is due to the isotropic part of
the hyperfine interaction is f=27A(S)/#f, where A is the hy-
perfine coupling and (S) the average spin of a Mn ion. By
analogy with the 3D manganites the anisotropy is expected
to be comparatively small due to double exchange between
the Mn**(34*,5=2) and Mn**(34°,§=3/2) ions, which
gives rise to a mixed-valence state. The broad spectra shown
in Figs. 2 and 3 may be due to residual orbital ordering®’ that
produces local variations in the hyperfine field. The fitted
Gaussian curves shown in Fig. 3, which are distributed over
a range of frequencies, point to variations in (S) and/or A at
Mn sites.

As can be seen in Fig. 2 the 3D LSMO NMR spectrum is
much narrower than that for the bilayer system. This sug-
gests that the electronic structures in these double-exchange
FM systems that result in the observed *>Mn hyperfine fields
in the spectra are similar in the 2D and 3D samples but with
a much broader distribution in the 2D case. For both mag-
netic field orientations in the bilayer crystal, changes in the
spectral peak frequency with 7 in the range from 4 to 100 K
are comparatively small showing that the hyperfine field dis-
tribution is relatively insensitive to temperature changes in
this interval. This implies that the average spin (S) remains
roughly constant over a wide range of 7 below 7.

The large inhomogeneous linewidths observed below T
in the present experiments are similar to those observed at
helium temperatures in previous >>Mn NMR experiments on
La, ,Sr; gMn,0,.2027 The spectral shapes observed in the
present work are closer to those found in polycrystalline
samples?’ than those seen in the earlier experiments on
single crystals where it has been suggested that surface im-
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purity phases may be present.2® Previous **La NMR spectra
for crushed single-crystal samples in ZF and in swept applied
field (10-15 T), show that the ZF spectra disappear close to
T, but for finite fields spectral shifts with 7" could be fol-
lowed up to 300 K, connecting to the ZF spectral shifts at
T..”” Those authors concluded that there is field-induced FM
well above 7.. No mention is made of the 3D intergrowth
phase that is commonly found to be present in this material.
Below T, the 39 spectra show little shift with
temperature.”®?” Since the average frequency of a zero-field
spectrum is proportional to the magnetization, the '*’La
NMR results suggest a first-order FM to PM transition at 7.
However, uSR spectroscopy on (La,_,Pr,); »,Sr; ¢Mn,0 (in-
cluding z=0) has led to conflicting conclusions concerning
changes in the hyperfine field with T close to 7.8 The mea-
sured ¥La ZF (z=0) spectral shifts again show very little
temperature dependence consistent with our “Mn data. In
contrast, the uSR data for the muon hyperfine field
show behavior typical of a second-order transition with
T.~ 105 K. It has been suggested that this difference in be-
havior between NMR and uSR might be explained by ex-
change coupling between the 3D intergrowth, viewed as
stacking faults that are short in the ¢ direction but extended
along (001) planes, and the bilayer surroundings.?® While it
would seem likely that samples with less intergrowth should
have smaller discrepancy between NMR and uSR this is not
what is observed; the single-crystal data, including our Mn
data on a crystal with very small amounts of intergrowth
phase, exhibit even weaker temperature dependence of the
hyperfine field in the FM phase than powder samples with
greater intergrowth concentration. The discrepancy between
the NMR and muon data remains unresolved and requires
further investigation.

While we cannot draw quantitative conclusions about the
microscopic structure of the system from the broad NMR
spectra found below 7 qualitative information can be ob-
tained from these data. Structural features present in the
spectra shown in Figs. 2 and 3 are not well resolved but the
Gaussian fits in Fig. 3 suggest the presence of nonequivalent
Mn sites implying some variation in local electronic struc-
ture in the sample. In recent >Mn NMR experiments on
more highly doped La,_»,Sr;,»,Mn,O; (0.5=x=1.0) it has
been found that 4.2 K low-field spectra have structural fea-
tures corresponding to FM and AFM components that de-
pend sensitively on x in the range of 0.5-0.68.3% In the
present x=0.4 sample local statistical fluctuations in the Sr
doping level could produce significant local changes in the
band structure since the magnetic ordering changes from FM
to AFM as x increases from 0.4 to 0.45. This change in
ordering corresponds to changes in the relative importance of
the two e, states ds2_,2 and dxz_yz.5’14’34 In addition, the dis-
tribution of hyperfine fields may be linked to orbital order
effects involving local JT distortions of oxygen octahedra
that are static on the NMR time scale.” In the
La,_»,S1;,,,Mn,0; system for x<0.45, changes in the Mn
d;2_,2 orbital occupancy that occur with decreasing x are
linked to elongation of the MnOg octahedra along the apical
direction.>>!7 Static or long correlation time distortions of
this type are not present in the FM phase of 3D manganites.

The relaxation rate results shown in Figs. 6—8 provide
additional information on the electronic structure of this ma-
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FIG. 8. (Color online) *Mn Korringa plot of W,/T versus T for
the La; ,Sr; gMn,O; crystal with uoH=1 T in the ab plane (black
squares 340 MHz; red circles 360 MHz) and along the ¢ axis (green
triangles 357 MHz). The dashed curve shows the region over which
the Korringa ratio is approximately constant, as expected for a
Fermi liquid, with a clear departure from this behavior found below
20 K.

terial. At temperatures below 40 K anomalous behavior in
both W, and W, is observed, which suggests a change in the
relaxation mechanism in this range. Above 90 K, where the
electrical resistivity increases significantly, it is likely that
local variations in electronic structure, that grow in impor-
tance as T, is approached, produce departure from Korringa
behavior. Large magnetoresistance effects are found in this
temperature range and the anomalous spin-lattice relaxation
rate behavior suggests that this effect is due to the emergence
of polarons that play a key role in magnetoresistance. The
magnetic field dependence of W, that is evident above 90 K
in Fig. 6 provides support for this interpretation.

Figure 8 gives a plot of the »Mn ratio W, /T versus T for
an applied field of 1 T both in the ab plane and along the ¢
axis. The 3 T ab plane data give a similar plot with some-
what more pronounced sigmoid shape in the temperature in-
terval 30 to 90 K. The behavior is clearly unconventional for
a metal. There is an interval where Korringa relaxation ap-
plies, at least approximately with W, «T but significant de-
partures from this relationship occur at both low and high
temperatures. The general expression for the nuclear relax-
ation rate due to a fluctuating hyperfine interaction is*

ZﬁT X' (g, @)
A 2
S o, PR

W1= 5 (1)

where v, is the nuclear gyromagnetic ratio, A, is the hyper-
fine coupling corresponding to wave vector ¢, N is the num-
ber of magnetic ions per unit volume, X’ (¢, w,) is the trans-
verse component of the imaginary part of the magnetic
susceptibility, and w, is the resonance frequency.’ In view
of the lack of knowledge of x| (¢,w,) in this system we
adapt available expressions for 3D FM. In order to allow for
competing relaxation mechanisms we write the relaxation

PHYSICAL REVIEW B 80, 024413 (2009)

rate as the sum of several contributions a as follows W,
=2 ,W{. The various contributions that need consideration
are discussed below.

In a FM metal the most important relaxation mechanisms
are conduction-electron scattering and spin-wave scattering.
The relaxation rate due to spin waves in a quasi-2D FM is
obtained by generalizing the perturbation theory approach
used for 3D systems??3¢ through replacement of the 3D den-
sity of states (DOS) with the 2D density of states for spin-
wave excitations. Neutron scattering has shown that the spin-
wave dispersion is close to 2D with in-plane stiffness D
~151 meV A. The nuclear relaxation rate for a Raman two-
magnon process, involving the annihilation of excitation g
and the creation of g’ with an energy difference AS due to
the nuclear-spin flip, and mediated by the component A | of
the anisotropic contact hyperfine interaction A, is

=2Qmh)(A L 2N)2 2 ny(1+n)SE, — E, — AS).
7.9’

2)

N is the number of spins and the populations n;,n; are given
by the Bose-Einstein distribution. Replacing the sum by in-
tegrals over ¢ we obtain

V= 2Q2mh)(A 2N (Na¥ 4 e

oEdkT
iE SE,~E,),

ffqdqq dq’ [( EJaT _

where a is the lattice constant in the 2D FM. Based on the
neutron-scattering results for x=0.4,'718 we choose the fol-
lowing form for the dispersion relation E,=gugH+ 2JSq*a?
Defining #iw,=2JS and integrating by parts gives

= (1/16m)(A% ky/hP w’g upH) T2 (3)

In zero or low applied fields H is the anisotropy field.
Estimating 7iw,~10 meV using the in-plane spin-wave
stiffness constant from neutron scattering leads to
Wi~ (1.4X 10* sin?> @)T? s~!. Here « is the angle between
the § spin and the I spin-quantization axes due to hyperfine
anisotropy.*? The predicted quadratic T dependence given by
Eq. (3) is not observed experimentally showing that, in con-
trast to the 3D FM manganite case,> the two-magnon
mechanism is not the relaxation rate determining the process
in La2_2x3r1+2an207.

As noted in the introduction, considerable evidences sug-
gest that the FM phase of La,_,,Sr;,,,Mn,O; is not a con-
ventional Fermi liquid.'”->> Nevertheless, as a starting point
for comparison purposes we consider relaxation in this
quasi-2D system using expressions that apply to spin-
polarized 3D Fermi liquids. For FM metals the conduction-
electron contribution to the spin-lattice relaxation rate may
be written as

¢ = (167/5) ¥;fikpT(A™)3p 1 (ER) F°(T). (4)
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(A°™®) . is the d-electron orbital hyperfine interaction aver-
aged over the Fermi surface, and p%(E ) is the square of the
majority spin band density of states at the Fermi level.>> The
factor F°(I") depends on the admixture of t5,(I's) and e,(I";)
d-electron states at the Fermi surface and has a maximum
value of unity.3? Eq. (4) predicts that W,/T should be tem-
perature independent and, as shown in Fig. 8, this prediction
is found to hold approximately over the range of 30-90 K
with large deviations occurring at low 7.

Considerable evidences have been obtained showing that
the Fermi surface in La, ,,Sr;,,,Mn,0; is similar in some
respects to that of the high-T, cuprates.’®?! Nesting of par-
allel parts of the Fermi surface leads to a loss in spectral
weight, or pseudogap, at the Fermi level. ARPES experi-
ments suggest that LSMO is a polaronic metal in which po-
laron condensation induced by DE occurs as the temperature
decreases through T..2%?! A sharp quasiparticle peak found
along the (0,0) to (77, 7r) nodal direction at low temperatures
collapses above 86 K.2>2! NMR relaxation rate results for
the cuprates and other correlated electron systems exhibit
significant departures from Korringa behavior in certain re-
gions of their phase diagrams.>> The present results show
that La, ,,Sr;,,Mn,0; (x=0.4) is a further example of a
correlated system in which non-Korringa behavior is found
in NMR relaxation.

For metallic 3D LSMO (x=0.3), assuming Fo®(I")~1,
Eq. (4) predicts as an upper limit value for the ratio
WS*(3D)/T~1.2 s = K~!. The experimental value of this ra-
tio for 3D LSMO is roughly an order of magnitude smaller
than this and the lack of agreement may, at least in part, be
attributed to an uncertainty in F°®(I").3? The corresponding
measured ratio in La,_,,Sr;,,,Mn,0; for 7>40 K is, from
Fig. 8, Wi°(2D)/T=0.015+0.005 s ~! K~!. Examination of
Fig. 6 shows that a detailed comparison of the relaxation
mechanisms for the 2D and 3D manganites based on Egs. (3)
and (4) is not simple to make. For the 3D LSMO, spin waves
mediated by the anisotropic hyperfine coupling, provide the
dominant relaxation mechanism for 7<<100 K, while they
do not appear to play a major role in the x=0.4 bilayered
quasi-2D material, although it is likely that some contribu-
tion to relaxation comes from this source. The unexpectedly
low value found for Wi{*(2D)/T above 40 K suggests that
changes in the electronic structure with temperature result in
variations with temperature of one or more of the parameters
(A%, p%(Ep), and F°°(T') involved in Eq. (4). Lack of
knowledge of the behavior of these parameters with T pre-
vents quantitative comparative analysis of the 2D and 3D
relaxation rates.

Below 40 K the Korringa plot in Fig. 8 shows anomalous
behavior that may be attributed to either some new compet-
ing relaxation mechanism becoming dominant at these tem-
peratures in this poor metal, or to a significant increase in the
DOS at the Fermi level and/or in the factor FO™(I') with
decreasing 7. An increase in the DOS would imply a de-
crease in the conduction bandwidth, while changes in FO™(I")
correspond to an increase in the #,, character of the wave
function at the Fermi surface. In terms of susceptibility the
almost constant value of W, implies that in Eq. (1)
X (g, ) 1/T below 40 K. The relaxation rates are suffi-
ciently short (~2.5 ms) that it is unlikely that a powerful
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competing mechanism will emerge at such comparatively
low temperatures. Two-magnon processes, as considered
above, would not lead to the observed behavior nor would
the two-phonon processes. The activation energy for polaron
hopping above T is ~68 meV (Ref. 15) and it is not plau-
sible that a polaron hopping mechanism will contribute to
relaxation at low temperatures. It is, however, possible that
small lattice distortions linked to changes in orbital ordering
could lead to changes in the electronic structure. A two-band
model involving both localized JT polaronic levels and delo-
calized band states has been proposed to account for the
CMR properties of manganites.’” This approach stresses the
importance of JT electron-lattice couplings, which could be
important in determining the relaxation rate behavior. It is of
interest to consider the resistivity p, which shows a weak
dependence on 7 and H below T and has a slight upturn
below 30 K, where the nuclear relaxation rate anomaly ap-
pears. In order to account for the low-T behavior of p it has
been suggested that weak localization of carriers and also
electron-electron interaction effects may be important in this
quasi-2D system.23 It is, however, unclear whether these ef-
fects, or small JT lattice displacements linked to orbital or-
dering changes, can account for the anomalous relaxation
behavior that is observed at low temperatures in the bilayer
system. Finally, as mentioned above, the anomalous relax-
ation rate behavior found between 90 K and T provides
evidence for the emergence of polarons consistent with the
large magnetoresistance effects found in this temperature
range.

VI. CONCLUSION

Mn NMR spectra obtained in the FM phase of the bi-
layered manganite La;,Sr; gMn,O; show a broad distribu-
tion of hyperfine couplings consistent with local lattice dis-
order in this system. The hyperfine field distribution may be
linked to static JT distortions that persist below T as local-
orbital ordering. In addition, considerations based on the
phase diagram for La,_,,Sr;,,,Mn,0; in the region x~0.4
suggest that statistical fluctuations in the dopant concentra-
tion can lead to local variations in the electronic structure
due to changes in relative importance of the d,2>_2 and d3,2_,2
orbitals with x. Nuclear spin-lattice relaxation rate results
suggest that, in contrast to FM 3D LSMO (x=0.3), spin
waves play no detectable role in relaxation. In the FM me-
tallic phase electron scattering provides the dominant relax-
ation mechanism at temperatures well below 7, where weak
Korringa-type behavior is found in this poorly metallic sys-
tem over the range of 40-90 K. The observation of a major
departure from Korringa behavior below 40 K is likely due
to changes either in the DOS at the Fermi level or in the
wave function at the Fermi surface caused by changes in
electron-lattice coupling linked to local changes in orbital
ordering. Above 90 K we suggest that the growing impor-
tance of polarons, which play a role in the magnetoresistance
properties, is responsible for the anomalous field-dependent
decrease in the relaxation rate.
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