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The hole-doped transition metal oxides La;_,Sr,MnO3; (LSMO) and La;_,Sr,CoO5; (LSCO) show certain
similarities to each other in their physical properties but also marked differences. In the metallic-ferromagnetic
doping range, important properties of these materials, such as nanoscale phase separation, are due to competing
double-exchange ordering interactions and disordering Jahn-Teller (JT) distortions. The present experiments
have used low magnetic field NMR of the 55Mn and *°Co transition metal ion nuclei in x=0.3 samples to
obtain information on changes in hyperfine couplings and spin dynamics as a function of temperature. At low
temperatures, anisotropy effects linked to lattice distortions are more important in LSCO than in LSMO.
Structural distortions become important in LSMO above 120 K.
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INTRODUCTION

The transition metal oxides, such as La;_.Sr,MnO;
(LSMO) and La,_,Sr,CoO5 (LSCO), are of particular interest
because of the large magnetoresistance (MR) properties they
exhibit and the theoretical challenges they pose.' Consid-
erable evidence has been obtained that in both systems
nanoscale phase separation is important.*® This phenom-
enon is due to competition between ordering and disordering
interactions that are comparable in strength.

Ferromagnetism (FM) in mixed valence LSMO and
LSCO is a result of the double-exchange (DE)
mechanism.’~!! The process involves electron transfer, via an
oxygen intermediary, between octahedrally coordinated tran-
sition metal ions in different charge states. DE plays a key
role in determining many of the properties of these oxide
systems such as nanoscale phase separation and the large
MR. While considerable theoretical effort has been made to
model LSMO in order to understand its properties,*12-14 less
effort has been devoted to modeling LSCO. This is due, at
least partly, to the complicating effects associated with the
spin state transition that is known to occur in LaCoO;
(LCO).

While there are some similarities in the phase diagrams of
LSMO (Ref. 15) and LSCO,’ there are important differences.
For x~0.18, both systems exhibit a metal-insulator (MI)
transition to a FM metallic phase at low temperatures. How-
ever, LSMO exhibits antiferromagnetism (AFM) for x
<0.18, while LSCO has a spin glass or cluster glass phase in
this range. There are further differences related to charge
ordering and orbital ordering which become important in
LSMO as x is increased towards 0.5. For x ~ 0.3, the crystal
structures for both systems are rhombohedral corresponding
to a small distortion from cubic symmetry. For the undoped
systems, the energy gap between the 7, and e, levels is
~1 eV in LaMnO; (Ref. 2) and is much smaller ~10 meV
in LaCo0O5.'® In the latter case, thermally activated spin state
conversion from low-T, low-spin [(LS); §=0] to intermediate
spin [(IS); S=1] occurs as T is raised. For the hole-doped
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LSCO system, the IS state appears to be stabilized over spa-
tially extended regions at low T for x>0.05.>'7 In both
LSMO and LSCO, Hund’s rule exchange coupling of the
electron in the e, state to the core localized spins in the 1,,
levels is important with this coupling stronger to the core
spins in LSMO, which has half-filled 7,, states, than in
LSCO. The small gap in LaCoO; is due to the competing
effects of crystal field splitting of the levels and the Hund’s
rule coupling.'® It is interesting to note that the tolerance
factor,? involving the ionic radii, is slightly closer to unity for
LaCoOs (LS and IS) than it is for LaMnOj5 but that lattice
distortions appear to be more important at low 7" in LSCO
than in LSMO, as discussed below.

Considerable evidence exists that the intrinsic phase sepa-
ration found in the manganites is primarily due to competi-
tion between the delocalizing effects of DE and the localiz-
ing effects of Jahn-Teller (JT) distortions or other
disorder.'>"'* It is likely that static and/or dynamic JT distor-
tions play a role in phase separation in the cobaltites but
further work is needed to confirm this. Recent experiments
have shown that the nanoscale phase separation is different
in single crystal LSCO than in high quality sintered samples,
occurring over a narrower range of x values on either side of
the MI transition in single crystals.'® This has in part moti-
vated the present experiments on single crystal LSCO. In
view of the importance of the DE mechanism in understand-
ing LSMO and LSCO, it is desirable that information on spin
dynamics be obtained using microscopic techniques. The
present work has sought to compare DE related phenomena
in LSMO and LSCO, and in particular the evolution with T
of this interaction using FM NMR.

EXPERIMENTAL

Sintered powder samples of LSMO and LSCO with
x=0.3 were prepared by solid state reaction at high
temperature.” In addition, a single crystal of LSCO with
x=0.30 was grown using floating zone methods.'® The
samples were characterized by x-ray and neutron diffraction,
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thermogravimetric analysis and energy dispersive spectros-
copy in a scanning electron microscope. Electrical resistivity
measurements were made on the samples as a function of 7.
The single crystal sample of LSCO was crushed for the
NMR experiments to overcome skin-depth effects and permit
rf penetration into the metallic grains.

The zero-field (ZF) and low-field NMR experiments were
carried out using a pulsed NMR spectrometer with a fre-
quency calibrated, untuned, variable temperature probe.
Spectra were obtained by stepping the frequency and record-
ing spin echo signal amplitudes. **Mn and *°Co spin-spin
W,=1/T,, and spin-lattice W;=1/T), relaxation rate mea-
surements used spin echo and saturation recovery methods,
respectively. Magnetic fields of a few T could be applied to
the samples using a superconducting solenoid in order to
magnetize the sample and sweep out domain walls, thus
avoiding complications in analysis of the data due to mixed
contributions from domains and walls.

NUCLEAR RELAXATION IN DOUBLE-
EXCHANGE SYSTEMS

DE oxides represent a special class of itinerant FMs. In
this section we summarize the available theoretical expres-
sions for nuclear spin-lattice and spin-spin relaxation in FM
systems that are used in the analysis of our data. In addition,
a phenomenological approach that includes changes in the
hyperfine anisotropy of these systems with temperature is
presented.

The Hamiltonian for e, electrons undergoing DE and in-
teracting with core t,, spins is written as’

H= 2 tijcj-gcja_JH E (Sl . 00’,0”)0;}-0'6.1'0'” (1)

L]0 i,o,0’

where 7;; is the transfer integral, cjg and ¢, are creation and
annihilation operators for an electron with spin ¢ at nearest
neighbor sites i and j, respectively, Jy is the Hund’s rule
coupling and, in general, J;>1;;. o is the Pauli spin matrix.
The transfer integral depends on the angle 6 between the
core spins S; and S; and is given by #;;=t,, cos(6/2), where t,,
is the maximum value that #;; takes. Systems in which Eq. (1)
applies, such as LSMO and LSCO, behave as highly spin-
polarized FM conductors for 7<<T.

Expressions for the nuclear spin-lattice relaxation and
spin-spin relaxation rates W; and W, may be obtained in the
low-T case (T<T.) by adapting the formalism for nuclear
relaxation in d-band FM metals that allows for the symmetry
of the conduction electron wave functions.!*! Conduction
electron contributions to the relaxation rate W; include or-
bital, dipolar, and core polarization (CP) terms W,=W;™
+ WP+ WP Phonon-mediated quadrupolar relaxation con-
tributions are generally assumed negligible in itinerant FMs,
but spin wave relaxation may be important in some cases
and, as we shall see, is the dominant mechanism at low 7 in
LSMO. In FM such as metallic Co, the orbital contribution
may be written in the tight binding approximation as>
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Worb
7 = (16715) ks R LT(ER) + pT(ER) JF(D),

)

with 7, the nuclear gyromagnetic ratio, (H’™) - the d-electron
orbital field averaged over the Fermi surface,pf(T)(EF) the

square of the spin down (up) density of d-band states for
spins at the Fermi level. For DE systems with large spin
polarizations we expect that one spin band is primarily re-
sponsible for nuclear relaxation. W?rb depends on the atomic
d-electron wave functions used in constructing the Bloch
functions through the function FO®(I")=[1-(C-1)?] where
the parameter C measures the admixture of 7,,(I's) orbitals at
the Fermi surface. For equal weights (1/5 each) of the three
lye and two e, orbitals we obtain C=1, and it follows that
Fo(T")=1 while FO*(I") <1 for smaller values of C.

We now consider the possible contribution to nuclear re-
laxation in these DE oxides due to the dipolar mechanism
and briefly consider the core polarization mechanism. For
FM transition metals these contributions to relaxation are
much smaller than the orbital contribution.?° In the oxides it
is not possible to separate contributions from the various
mechanisms with any certainty in view of the lack of de-
tailed knowledge of the #,,(I's) character of the wave func-
tions at the Fermi surface mentioned above. Adapting the
Moriya approach,?’ the relaxation rate expression for this
process is similar to Eq. (1), and the ratio of the orb and dip
relaxation rates may be written as

Wi (HpP)? [ FI¥(T) ]
W?rb - <H$b 2 Forb(l-*) >

3)

with (H{P) the hyperfine field due to dipolar coupling. Cal-
culations show that FUP(I") < Fo"*(T") except when C tends to
zero, 1920 W?ip may play a minor role in nuclear relaxation in
LSCO and LSMO depending on the FYP(I")/F°™®(T) ratio.
Band theory calculations are needed to in order to determine
the relative importance of the orbital and dipolar contribu-
tions to relaxation in these systems. The core polarization
contribution in transition metals has been considered by
Yafet and Jaccarino?’ and in FM transition metals by
Moriya?® and is shown to be small compared to the orbital
contribution. Based on the Moriya estimate, we assume that
core polarization relaxation may be neglected in the DE ox-
ides.

At low T, spin wave contributions to nuclear relaxation
need to be considered. In the case of a noncubic lattice where
the hyperfine interaction is not isotropic, the electron (S) and
nuclear (/) spins are in general quantized along different di-
rections z and z’, respectively, and we write the perturbing
hyperfine Hamiltonian as

th=A11x’(Sx cos a+ SZ sin C() +A2]},1Sy
+ A3l (S, cos a— S, sin a), (4)

where « is the angle between z and z’' with y and y’ chosen
to coincide. The A; are the principal values of the hyperfine
coupling tensor. Fluctuations in the A; or the §; lead to
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nuclear relaxation. Expressions for W, as a function of 7 for
various magnon processes have been obtained using time
dependent perturbation theory.?>?3 The magnon dispersion
relation for a FM in a field H has the form E,=~guzSH
+2JSka®, where J is the exchange coupling, uz the Bohr
magneton, and a the lattice spacing. In single magnon
nuclear relaxation processes small k excitations are impor-
tant. An applied field produces a gap at k=0 which reduces
the effectiveness of such processes and higher order mecha-
nisms such as two and three magnon processes or phonon-
magnon processes need to be considered.?? In general, these
processes lead to a dependence on some power of 7 higher
than unity.

Considering two-magnon processes
<2JS and kpT> gBH

23 gives for kgT

A%(sin® a)kp

= 2amnusy ] MTEBH. ()

1

In metallic FMs the Korringa relaxation mechanism is often
dominant over the spin wave mechanism, but spin waves
appear to be important in LSMO at low T.

At temperatures not much less than T, it is necessary to
modify the relaxation expressions to allow for disorder ef-
fects such as JT distortions. It is not simple to allow for the
resulting changes in the electronic structure in a quantitative
way. Therefore, we adopt a phenomenological formalism by
introducing a correlation time 7 to describe the time depen-
dence of fluctuating hyperfine fields. We note that previous
phenomenological DE relaxation rate expressions used in
analyzing data in manganites and cobaltites are of the form
W,=(H})T with 7 the electron correlation time assumed to
be T dependent.?*> This approach is extended to give an
expression for Wy, allowing for hyperfine anisotropy, and is
cast in a form similar to Eq. (2).

The perturbing Hamiltonian given in Eq. (4) may be writ-
ten in terms of raising and lowering operators as

1 1 1
H= 5A1(1+ + 1_)[SZ sin a + E(S+ +S_)cos a} - ZA2(1+ -1)

1 1
X(S,—S_)+ 5A3lzr [SZ cos a— 2 (S, +S_)sin a)] . (6)

As a simplifying approximation, we disregard the spin-flip
terms involving S, and S_ for the highly spin polarized DE
system. (This may not be a good assumption at higher tem-
peratures where spin-flip electron scattering processes might
contribute to relaxation but the inclusion of small additional
contributions will not change the relaxation expression sig-
nificantly.) The perturbing Hamiltonian may be written as
H=3,I*P* with the lattice operators given by L°
=345, cos a, L'=3A,S. sin a and the spin operators by P°
=1, P*'=1I,. Using the density matrix approach gives for
the rate of change of the average nuclear magnetization op-
erator (I) the general expression %:—1/ ZZJk(w;)
X{([an,[P;nk,I]]>—<---)0} where the spectral densities
Ji(w) are obtained as the Fourier transforms of the correla-
tion functions?®
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1
Go(7) = §<A3(T)A3(O))S(S +1)cos? a, (7)

G.(7n= %(AI(T)AI(O))S(S+ 1)sin’ a. (8)

The angular brackets represent an ensemble average. The

relaxation rate is given by %7')=—W1[(IZ>—IO], where I, is the
thermal equilibrium value of /. In the short correlation time
limit, using the x and y components of I and taking into
account that only carriers with energy close to the Fermi
energy Ep=kpTy can participate in relaxation gives

W, = %S(S + 1)(T/TR)[Alsin® a]7. 9)

7 is the correlation time for the hyperfine fluctuations, and
we assume that the correlation function decays rapidly with
time. At low temperatures, in the good metal limit, we can
take 7=7y=7%/Ey and rearranging Eq. (9) we obtain W,
~28(S+1)fiksT/ EHAlsin® al. Since p(Er)~N/Ej it fol-
lows that at low T the form of Eq. (9) is similar to that of Eq.
(2). If JT distortions become important with increasing 7,
changes in the character of the conduction band wave func-
tions and in the anisotropy of Hy; will occur. In addition, the
DE coupling will change as the core spins become less well
ordered. We can allow for disordering using the transfer in-
tegral dependence on the core spin orientations €, which sug-
gests the simple form

T~ 1/{cos(6/2)), (10)

where the angular brackets indicate an ensemble average.
For the DE oxides the bandwidth is given by 6z,, cos(6/2).
The bandwidth is reduced by disorder, and this leads to
changes in the DOS and enhanced localization effects.?> The
phenomenological expression given in Eq. (9) captures
changes in the electronic structure through the correlation
time 7 which is increased by disorder.

Finally, we note the relaxation rate prediction W, =~ W, in
isotropic FM systems.?’ In the noncubic anisotropic case we
note that W,>W,, due to different secular and nonsecular
contributions [corresponding to the correlation functions
given in Egs. (7) and (8) respectively] but that the two rates,
which are proportional to 7, will have similar 7 dependences.
Equations. (2), (3), (5), and (9) are used below in discussing
the experimental results.

RESULTS AND DISCUSSION
A. Electrical resistivity

The electrical resistivity p values for single crystal x
=0.3 LSMO and LSCO samples are shown as a function of T
in Fig. 1. The LSCO results are for the sample used in the
present experiments while the LSMO data is taken, with per-
mission of the authors, from Ref. 28. Resistivity measure-
ments on the sintered LSMO sample, for which NMR results
are presented below, show similar form to that for the single
crystal but with higher resistivity values attributed to grain
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FIG. 1. (Color online) Electrical resistivity as a function of T for
single crystal samples of Lag;Sr)3MnO5 and La;Sr;3C005. The
LSMO data is taken from Ref. 27 (with permission of the authors).

boundary effects and the granular (lower density) nature of
the sample. The granularity of the sample is not important in
the NMR measurements because of the microscopic nature
of the technique. Figure 1 shows that at 4 K LSMO is a
slightly better conductor than LSCO but that the resistivity
becomes larger than that of LSCO as T is raised to above
300 K, increasing by more than an order of magnitude over
this range. For LSCO the increase is more gradual by a factor
of roughly 3 between 4 and 300 K. It is well known that, in
the vicinity of the Curie point, magnetoresistance effects,
linked to spin dependent transport, are much larger in LSMO
than in LSCO. The absence of magnetoresistance effects at
low T in both samples suggests that magnetic disorder is not
responsible for the residual resistance.

B. NMR spectra and relaxation rates

3>Mn NMR spectra for LSMO in an applied field of 3 T
are shown as a function of T in Fig. 2. For LSCO, where
there is little dependence of the broad spectrum on magnetic
field or temperature, Fig. 3 shows a representative >°Co
LSCO spectrum in a field 0.5 T at 4 K. The FM NMR en-
hancement factors 7%’ were roughly two orders of magnitude
larger for LSMO than for LSCO and showed a much larger
H dependence decreasing from 7~ 10* in ZF to 7~ 10? for
H>1T, while for LSCO the corresponding decrease is a
factor of 3 with 7~ 70 in ZF. The enhancement factor results
show a large difference in magnetic anisotropy. For FM
NMR, we have p=H,;/(H+H,,), where H,; is the hyperfine
field at a nuclear site and H,, is the anisotropy field.?” The
observation that 7 gyo> sco suggests that H,, is much
smaller in LSMO than in LSCO. It is well known that 7 is
significantly larger within domain walls than in bulk domain
regions.27 To avoid domain wall effects, the spectra were
recorded and relaxation rates measured in saturating applied
magnetic fields of 3.0 T for LSMO and 0.5 T for LSCO. The
spectra for LSCO showed little change with increasing H but
for LSMO the changes were significant with a high fre-
quency shoulder diminishing with H until the line shape be-
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FIG. 2. *Mn FM-NMR spectra (with amplitudes in arbitrary
units) for sintered Lag 7Sro3MnQOj3 as a function of 7 in an applied
field of 3 T. Fitted Gaussians are shown as the full curves. Line
shape changes are found for 7> 100 K and the fitted spectra require
two Gaussians with the two components shown as the dash curves.
(The signal amplitudes decrease with rising T as expected. To fa-
cilitate comparison of the shapes the peak heights were adjusted to
be approximately the same by changing the spectrometer gain.)

came a single Gaussian with a peak at f,,.. The fields used
correspond to values for which the spectral shapes were in-
sensitive to changes and the magnetization curves are satu-
rated. Previous FM NMR measurements on LSMO (Ref. 29)
and LSCO (Refs. 8 and 30) were made in ZF.

For LSCO, the reduced linewidth Af/f.~0.3 and is
independent of H. The relatively small reduced in-field line-
width in LSMO, Af/fp.~0.02 for T<100 K, points to a
smaller distribution of hyperfine fields than is found in
LSCO. The domain wall thickness d in FM has the form d
«\J/K, where K is the anisotropy constant and J the ex-
change coupling between neighboring spins. Taking J-SMO
> JLSCO gnd KLSMO < gLSCO it follows that d-SMO s gLSCO
consistent with the present findings concerning 7 in the two
systems. Nuclei in domain walls in LSCO, constituting a
reduced fraction of the total in the sample, may be expected
to make a smaller contribution to the ZF signal than the
domain wall nuclei do in LSMO. This explains the small H
dependence of the spectrum in LSCO. Summarizing, these
observations based on the NMR spectra show that, in many
respects, LSMO behaves similar to a conventional low an-
isotropy FM metal at low 7, while LSCO behaves somewhat
differently with the hyperfine and magnetic anisotropy ef-
fects being much larger than in LSMO.

Figure 4 shows the *Mn and *°Co spin-lattice relaxation
rates for the LSMO and LSCO samples as a function of 1/7.
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FIG. 3. ¥Co FM-NMR T=2 K spectrum for crushed single
crystal Lag 7St 3C005 in an applied field of 0.5 T. The amplitude is
in arbitrary units. The line shape is robust and no changes were
found with increasing 7 or H although the enhancement factor 7
decreased by a factor 3 with increasing H consistent with diminish-
ing “domain wall” contributions. The single Gaussian fitted curve
width is 57 MHz.

There have been few relaxation measurements made on the
manganites, and these have been carried out in zero applied
field. For LSCO previous ZF data for sintered x=0.14 and
0.4 samples® is shown for comparison and is in agreement
with the single crystal values. (Note that there is a typo-
graphical error in the units on the y axis in Fig. 1 of Ref. 25.
The units should be u s~ not s71.) WlLSCO is independent of
frequency across the central portion of the spectrum. The
contrast in behavior between LSMO and LSCO is striking

—O—LSCOSCx=0.3

~/A—LSCOx=04
3 ——LSCOx=0.14 200
. 102:_ —e—LSMO x=0.3 .
¥ ol
[ 100 ]
10°F
0.0 0.2 04 0.6
UT (K"
FIG. 4. (Color online) Relaxation rates for >Mn in

Laj 7Srp3MnO3 and ¥Co in Laj 7Sry3C0o0;5 as a function of 1/7.
The additional LSCO data for x=0.14 and 0.4 (sintered samples)
are from the zero-field results of Ref. 25. The inset shows the fit to
the LSMO data based on a two-magnon mechanism for the tem-
perature range 10—100 K. Details are given in the text.
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FIG. 5. *Mn FM-NMR parameters as a function of T for
Lay Sty sMnO3; measured in an applied field of 3 T: (a) linewidth
Af, (b) spin-spin relaxation rate W,, and (c) spin-lattice relaxation
rate W,.

with the relaxation rate ratio WILSCO/ WILSMO> 10% at 4 K.
Plots of the linewidth Af versus T and the relaxation rates
W, and W;, measured at the spectral center frequencies, ver-
sus T are shown for LSMO in Fig. 5 and for LSCO in Fig. 6.
Within experimental uncertainty, the relaxation rates in
LSMO are insensitive to frequency across the spectrum. Pre-
vious relaxation rate measurements on manganites and co-
baltites were made in ZF, and in the case of La;_Na,MnO;
only for 7>60 K.?* The present in-field measurements re-
move domain wall contributions that can complicate analysis
of the relaxation rate results. The spectra for LSCO show a
negligible H dependence, other than a diminution in ampli-
tude corresponding to the change in 7. The results from the
powder and single crystal samples are in good agreement and
confirm the previous measurements,? despite the different
phase separation characteristics of sintered and single crystal
samples. It appears that the FM regions in LSCO are robust
and not dependent on the method of preparation, or on x.
While the data for LSCO extend over a much smaller tem-
perature range than those for LSMO, Figs. 5 and 6 suggest
that the >Mn and ¥Co W, and W, behaviors with 7 in the
two systems are markedly different. The near-linear 7' depen-
dence of ° QW; in LSCO is contrasted with the nonlinear de-
pendence of W, on T in LSMO. It should be noted that,
while the relaxation rate variation with 7 in LSCO is
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FIG. 6. ¥Co FM-NMR parameters as a function of T for
Lag 7Sty 3Co05; measured in an applied field of 0.5 T: (a) linewidth
Af, (b) spin-spin relaxation rate W,, and (c) spin-lattice relaxation
rate W,. (The short transverse relaxation time in LSCO prevented
measurements for 7>30 K in this material.)

Korringa-like, the extrapolated 7=0 K relaxation rate ob-
tained by fitting a line to the data is finite. Measurements at
lower T are required to explore this anomalous behavior. In
LSMO, the relaxation rate tends to zero in a nonlinear way as
T—0 K suggesting that magnon processes play a role in
relaxation in this temperature range. This is discussed below.
Importantly, Fig. 5 shows that with increasing T significant
changes in Af, W,, and W, occur in LSMO above 100 K.
The increase in linewidth implies a change in the static hy-
perfine field distribution due to changes in the electronic
structure induced by local lattice distortions. As shown in
Fig. 2 with increasing T between 100 and 120 K, the center
frequency of the spectrum abruptly shifts downwards by
15 MHz (~4%). The shift is found to be reversible when T
is decreased. There is an accompanying increase in linewidth
by a factor 2 between 100 and 120 K followed by a more
gradual increase at higher 7. For 7> 140 K, the line shape
displays structural components and the spectra may be fitted
with two Gaussian curves as shown in Fig. 2. For T
>140 K Savosta and Novak,” using ZF NMR, have ob-
tained evidence that phase separation becomes important in
both Laj,Cay3MnO5 and Laj;Sry3MnO5. Two FM compo-
nents, with somewhat different nuclear spin-spin relaxation
rates, were found in these systems. The two coexisting FM

PHYSICAL REVIEW B 75, 104421 (2007)

phases evolve with 7' and the less conductive phase is as-
signed characteristic dimensions in the nanoscale range. The
present line shape results are broadly consistent with this
model although the low frequency peak appears less pro-
nounced than in the ZF spectra. Possible structural changes
inducing the change in the spectra for 7>100 K are dis-
cussed below. The spin-lattice relaxation rate results are dis-
cussed in detail in the following sections with emphasis on
the low temperature behavior.

C. Low-T relaxation: LSCO

In LSCO the o" conduction band electrons are expected
primarily to have e, character, and in Egs. (2) and (3) we
expect FO®(')<1. In order to obtain an extreme upper
bound value for W‘l’rb/T for LSCO, we take Fo*(I")=1 (cor-
responding to equal admixtures of e, and 1,, orbitals),
(HI) = p(reesedps With (rgs)p=0.4X 10% ecm™ (using the
radius of the Co**ion?) and for the density of states (DOS)
p(Er)=22.8 eV/ion from electronic specific heat results.?!(It
has been suggested that the bare DOS in NMR relaxation
may differ slightly from the specific heat value,?? but for our
estimate we ignore such effects.) For DE systems, we expect
the majority spin band to be of primary importance in
nuclear relaxation. Approximating p%(E ) by p?(Ep) (see be-
low) we obtain *WS™/T=380 s K~'. The value is in reason-
able agreement with the measured value of 300 s K~' ob-
tained from Fig. 4 which suggests that the orbital mechanism
makes a dominant contribution to the relaxation process in
LSCO. The dipolar contribution WP is an order of magni-
tude smaller than our upper bound limit for W™,

In evaluating the DOS at the Fermi level, we consider the
ratio P= p%(EF)/ [pf(EF)+ p%(EF)], which gives a measure of
the spin polarization. Using available DOS values from
LSDA results,>® we estimate the factor P>0.8 for LSCO,
corresponding to a much larger DOS in the majority spin
band than in the minority spin band, and this permits the
approximation p%(E r)=p*(EF). To our knowledge no experi-
mental measurements of the spin polarization have been pub-
lished. Uncertainties in the DOS factor are seen to be small
compared to uncertainties in other quantities in Eq. (1). Pos-
sible changes in the DOS are linked to changes in disorder.

The present measurements of the transverse relaxation
rate confirm previous work,”> which shows that for LSCO
W, has a similar T dependence to that shown by W;, with W,
roughly an order of magnitude larger than W,. This suggests
that a common mechanism involving hyperfine coupling to
carriers in the conduction band is responsible for both longi-
tudinal and transverse relaxation. For isotropic hyperfine
fields, we expect W,(T)=W,(T).?’ The order-of-magnitude
difference in the transverse and longitudinal rates reflects the
importance of anisotropic hyperfine effects in this system.

In LSCO, the NMR spectra can be recorded only for T
<30 K because the short 7, prevents spin echo signals from
being observed at higher 7. Over the range 2—-30 K, Af/fax
is more than an order of magnitude larger than in LSMO and
remains roughly constant. For rhombohedral LSCO static co-
herent JT distortions do not exist in the metallic state, but
dynamic JT effects have been detected using neutron scatter-
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ing for x<0.3.!7 Local static JT distortions exist in the insu-
lating phase for all x. Neutron scattering has further shown
that the transition to the metallic state is accompanied by
local distortions of the lattice and a JT glasslike state has
been proposed in this region of the phase diagram.>* With
increasing x the lattice tends towards cubic and long-range
static JT distortions have been observed in LSCO for x
>0.3.3*35 Our previous NMR work has shown that the line-
width from the FM phase is almost independent of x.3 This
points away from local fluctuations in Sr concentration being
responsible for the distribution of hyperfine couplings. Local
static JT distortions at a fraction of the sites in the FM phase
of LSCO give rise to local changes in the electronic structure
and anisotropy in the hyperfine coupling. The broad spectral
line shape in LSCO is probably linked to these local lattice
distortions. In contrast, spectral broadening effects are rela-
tively small in the x=0.3 LSMO sample at low 7. The LSCO
spectra in Fig. 3 can be fit using a Gaussian peak of width
~57 MHz. While the spectrum shows small structural fea-
tures, it appears that the line shape is primarily due to a
broad distribution of hyperfine couplings.

D. Low-T relaxation: LSMO

In the case of LSMO, heat capacity measurements>® show
that p(Ey) is sixteen times smaller than in LSCO.3' This
difference may be linked to the increased bandwidth, corre-
sponding to a larger transfer integral ¢, in LSMO compared
to LSCO. Because of the larger splitting of the #,, and e,
states in LSMO compared to LSCO, we expect the mixing
factor to be reduced, i.e., F°P(I")LSMO < pord(ILSCO  For
LSMO there is evidence, including point-contact Andreev
reflection measurements, that P> 0.8.37-3% Recent spin polar-
ized tunneling experiments suggest that the system is close to
being a half-metal corresponding to P ~ 1.%° These results for
P justify approximating p|(Ef) by p(E). Equation (1) shows
that the combination of the reduced DOS at E and a smaller
value of F*(T"), because of a reduced I, admixture, leads to
a large reduction in the orbital contribution to relaxation
compared to LSCO. We obtain the following estimate
PWor/T=1.2 s K~! as an upper limit with a lower limit at
least an order of magnitude smaller. This is to be compared
with the experimental value W™ ~0.3 s™' at 2 K. While
the estimate shows that the orbital process can make a con-
tribution to relaxation at low temperatures, the experimental
results suggest that other relaxation mechanisms, specifically
spin waves, are dominant in LSMO leading to the nonlinear
temperature dependence of 5 W, for T<70 K. The heat ca-
pacity measurements have shown that conventional spin
waves, with no gap, are present in this system.3®*! While the
conduction band hyperfine mechanism is not dominant at
low T, this mechanism appears to become increasingly im-
portant for 7" above 100 K. The LSMO data can be fit over
the range 10—100 K using the two-magnon relaxation ex-
pression given in Eq. (5) written in the form > waenon
=C,, In(kgT/gupSH)T?. The least squares fit to the 3 T re-
sults is shown in the inset in Fig. 4 and gives C,,=8.6
X 1073£0.5X 107 s~ K™2. From experiment the hyperfine
coupling is A/A~2.3X10° s™! and the spin wave stiffness
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constant is°**! D=2/Sa?=180 meV A? with the lattice spac-
ing a=3.9 A. Inserting these values into the theoretical ex-
pression C,,=A>(sin® @)kah/h*2(2m)3(2JS)? gives C,,=3.0
X 1072 sin? @ s' K2, At low 7, where JT effects are not
important, we expect the hyperfine anisotropy angle « to be
small and the factor sin? @ will reduce the theoretical value
by one to two orders of magnitude. Agreement between the
theoretical estimate and the experimental value for C,, is
therefore roughly within an order of magnitude, and we con-
clude that spin wave relaxation is the likely relaxation
mechanism in the low temperature range where the carrier
scattering mechanism is not of primary importance. Changes
in the hyperfine anisotropy, caused by JT distortions, result
in changes in electronic structure and hence in nuclear relax-
ation. This can be seen using simple arguments based on the
fluctuating transverse hyperfine field amplitude. In examin-
ing changes in relaxation behavior with 7" for LSMO, it is of
interest to consider the behavior of W,. Tracking behavior of
W, with W; has been found in La;_NaMnO; for
T>70 K.>* The present results indicate that W, is increasing
with T in a similar way to W, as the temperature approaches
200 K. For T<70 K in LSMO, W, no longer tracks W; sug-
gesting that a different mechanism, such as the Suhl-
Nakamura virtual magnon process,'® has become important
in spin-spin-relaxation in this range in agreement with pre-
vious NMR experiments.?’

E. Relaxation at higher 7: LSMO

The likely source of thermally-induced changes in relax-
ation behavior is static JT distortion of the oxygen octahedra,
which lowers the symmetry at a significant fraction of the
55Mn sites resulting in a distribution of anisotropic hyperfine
couplings. Evidence for the suggested importance of changes
in the anisotropic interactions can be obtained from the be-
havior of the NMR spectra with 7. Figures 5(a) and 6(a)
show the linewidths Af as a function of T for the two sys-
tems. In LSMO, Af in an applied field of 3 T initially re-
mains almost constant as 7 is increased up to 100 K but
increases significantly for 7> 120 K. This is linked to the
splitting of the line into two FM components as discussed
above. There is an accompanying increase in the relaxation
rates. It is interesting to note that these increases occur over
the temperature range in which the resistivity, shown in Fig.
1, increases by almost an order of magnitude. This suggests
that a common mechanism, specifically JT distortions in the
lattice, is of dominant importance in determining this
behavior.*>*3 The increase in W, can be understood using the
phenomenological Egs. (9) and (11) as resulting from
changes in the HF anisotropy and in the DE correlation time
7 produced by JT distortions. It appears that W, approaches
W, with increasing T as predicted for the electron scattering
mechanism that becomes of dominant importance at the
highest temperatures shown. For localized electron systems,
estimates of the Mn®* anisotropic dipolar hyperfine field due
to JT distortion, and the resultant changes in the ground state
wave function, give values that are a significant fraction of
the isotropic field** and somewhat larger than the ~4% fre-
quency shifts observed around 120 K for mixed valence me-
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tallic LSMO in the present experiments. It appears that, in
contrast to LSCO for which conduction electron scattering is
of dominant importance in %Co relaxation at all T for which
signals are observed, “>Mn relaxation in LSMO involves
electron scattering as the dominant mechanism only for T
>T./3. It is interesting to note that the temperature range
over which marked changes in linewidth and relaxation rates
occur for LSMO roughly coincides with the range
100-200 K in which the resistivity increases rapidly. Recent
EXAFS measurements suggest a gradual change in the aver-
age Mn-O bond length with T below T, (Ref. 45), whereas
the present measurements are consistent with JT distortions
becoming increasingly important for 7>T,/3. This is con-
sistent with JT-induced disorder being the underlying mecha-
nism for both effects in this temperature range.

CONCLUSION

NMR spectral line shape and relaxation rate measure-
ments in DE ferromagnets LSMO and LSCO (with x=0.3)
made as a function of 7T in the FM phase show marked dif-
ferences in behavior of the two systems. The relaxation rate
results are analyzed using theoretical expressions for conduc-
tion band electron hyperfine couplings involving an orbital
mechanism. In LSCO, it is concluded that the carrier scatter-
ing mechanism plays an important role in °Co relaxation
over the temperature range 2—30 K for which FM NMR
measurements could be made. In LSMO, the results show
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that anisotropic hyperfine couplings become important for
T>120 K. The observed changes are reversible with 7 and
are consistent with cooperative JT distortions. The differ-
ences in behavior of the systems with temperature are attrib-
uted to differences in DE couplings, and in JT-induced lattice
disorder. For T<100 K 3Mn spin-lattice relaxation in
LSMO involves a two-magnon process with measured relax-
ation rates much smaller than in LSCO.

The contrasting behavior of the two systems is attributed
to differences in DE couplings, which are larger in LSMO
than in LSCO, and in the relative importance of JT distor-
tions in the two systems. The results show that a major dif-
ference between metallic LSCO and LSMO is the enhanced
importance of low-temperature local lattice distortions in
LSCO compared to LSMO. It is only for 7>100 K in
LSMO that local JT distortions “kick in,” as revealed by the
FM-NMR results, leading to changes in the transport and
magnetic properties. Theoretical models for LSMO and
LSCO should reflect the different roles that disorder plays in
these two systems.
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