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The *Mn nuclear magnetic resonance (NMR) study of bilayered perovskites La,_,,Sry,,,Mn,0; with 0.5
=x=1 is presented. The 3Mn spin-echo spectra were measured at 4.2 K at zero applied magnetic field and at
fields up to 2.5 T. Recent neutron-diftraction studies report that all the compounds studied are antiferromag-
netically ordered (except x=0.68 in which no long-range magnetic order was found) [Mitchell et al., J. Phys.
Chem. B 105, 10731 (2001)]. However, within the doping range 0.62 =< x=0.68, apart from NMR signal from
antiferromagnetic insulating (AFI) phase, also lines from ferromagnetic insulating (FMI) and ferromagnetic
metallic (FMM) phases are observed. This indicates that phase separation occurs in high Sr-doped bilayered
manganites. The amount of the FMI and FMM regions decreases with the Sr doping level and for compounds
with x=0.75 and x=0.8; only the line originating from nuclei in Mn** cations in AFI regions is observed.
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I. INTRODUCTION

Bilayered manganese perovskites belong to a broader
family of so-called Ruddlesden-Popper phases, which are de-
scribed by general formula (A, B),,;Mn, O3, ,, where A and
B are trivalent and divalent cations, respectively. These sys-
tems include both the pseudocubic perovskites (n=) and
systems based on single (n=1) or multiple perovskite layers.
The most common examples of the bilayered perovskites
(n=2) are the mixed valent (Mn®**/Mn*) compounds
La,_,,Sr,,,Mn,05, where x gives the actual Mn** content.

Manganese perovskites are of considerable research inter-
est associated mainly with the colossal magnetoresistance,
which they exhibit near the ferromagnetic ordering tempera-
ture. Such close interrelation of the magnetic and electronic
properties arises due to fact that the electrons responsible for
magnetic moments and for conduction are of the same 3d
kind. The interplay of lattice, charge, spin, and orbital de-
grees of freedom results in very rich phase diagrams!= and a
variety of electronic and magnetic properties ranging from a
metallic or insulating ferromagnetic (FM) to antiferromag-
netic (AF) insulating (AFI) or paramagnetic insulating be-
havior. Such a behavior arises from a strong competition
between double exchange (DE),%” superexchange, and
electron-phonon interactions.

The coexistence of various magnetic and electronic
phases was found in manganese perovskites by means of
many different techniques such as transmission electron
microscopy,® scanning tunneling microscopy,” and electron
holography. Further in Ref. 8 the authors found the phase
exhibiting simultaneously charge ordering and ferromagnetic
properties, which were previously believed to be mutually
exclusive.!? The effect of the applied magnetic field on the
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coexisting paramagnetic and FM phases was presented by
Yoo et al.'! Phase separation picture also attracted interest of
theorists who proposed models explaining some of the phe-
nomena observed in manganese perovskites.!>~!7

The compounds of interest, La, , Sr;,,,Mn,0; (0.5=x
=1) have a crystal lattice consisting of bilayers of MnOj
octahedra separated by (La,Sr),0, layers, which results
in a reduced dimensionality and highly anisotropic
properties.!®!® This offers a unique possibility to compare
the results with three-dimensional pseudocubic perovskites.
The compounds studied also exhibit different types of the
magnetic ordering as a function of Sr doping, x, which are
presented in Fig. 1, after Ref. 1. The x=0.5 compound is an
A-type AF, i.e., magnetic moments in a single layer (within
the plane perpendicular to lattice ¢ axis) are FM coupled, but
the coupling between two layers is AF. This type of ordering
was suggested up to Sr doping of x=0.66." Very interesting
region was found to exist in the doping range 0.66=x
<(0.74, where the neutron powder diffraction showed no
magnetic long-range order (LRO).?° Up to x=0.74 the crystal
structure is tetragonal (I4/mmm). Within the doping range
0.75=x<0.92 the crystal structure at low temperatures be-
longs to orthorhombic Immm space group. The neutron pow-
der diffraction revealed two AF superstructures, referred as
type C and type C*, in which the lattice parameter c¢ is
doubled.” Above x=0.92 a G-type magnetic order was
found.?! The ideal G-type magnetic order, found for x=1,
involves all nearest Mn-Mn neighbors coupled AF, with their
spins aligned parallel to the ¢ axis. Below x=1 spins tilt from
the ¢ axis toward plane perpendicular to it.>? Therefore, ac-
cording to Goodenough’s theoretical predictions, when in-
creasing Mn** content (increasing number of holes in the e,
orbital) one successively obtains “less ferromagnetism”
(sheets-to-rods-to-points).!

©2008 The American Physical Society
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FIG. 1. (Color online) Magnetic ordering types of
La, ,,Sr,,,Mn,0; series of compounds at 5 K, determined by the
neutron powder diffraction, after Ref. 1.

Spectroscopic methods such as electronic spin resonance
(ESR) and nuclear magnetic resonance (NMR) can provide
information on magnetic and electronic properties on the mi-
croscopic scale and, therefore, are very suitable to study the
phase segregation which occurs in mixed valence mangan-
ites. The ESR study of the phase-separated Ca-doped
pseudocubic perovskites was recently presented in Ref. 22.
First NMR results on manganese perovskites were presented
in Refs. 23-28. Phase separation observed with the NMR
method manifests itself with distinct resonant lines in the
frequency-swept NMR spectrum, which are ascribed to the
respective magnetic (ferromagnetic or antiferromagnetic)
and electronic (insulating or metallic) phases.

It is worth mentioning that *>Mn NMR experiments for
lower Sr-doped bilayered manganites (i.e., x<<0.5) have al-
ready been reported and the results also indicated existence
of the phase separation.?>3* NMR is a powerful tool in study-
ing magnetic and electronic properties of the distinct atomic
or ionic sites in the magnetically ordered systems. The reso-
nant response of nuclear magnetic moments at individual
sites provides information on the local magnetic states. The
resonance condition is 27v = yB),., where v is the gyromag-
netic ratio, which for >Mn nuclei amounts to 10.55 MH2z/T,
and B, is the local magnetic field at nucleus. This field in
the magnetically ordered state is mostly of the hyperfine ori-
gin and is synonymously termed the hyperfine field, Byg. The
formula for the local field related to the spins of the parent
atom/ion and its neighbors can be written in the following
way:

> 277 ~ o~ .o, -
Blyo= —guB<A'<S'> +> Bf<s1>) +By (1)
Y j
where <§[> and <§f> are on-site and nearest-neighbor electron
spins, A’ and B/ are the respective hyperfine couplings (A’ is
a tensor and B’ is of scalar nature), and By is the external

field.>* The magnitude of the local field, By, and the corre-
sponding resonant frequency in the case of manganese per-
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FIG. 2. Magnetization versus applied field, M(H), curves mea-
sured at 4.2 K for all the compounds studied.

ovskites were found to be lower for the antiferromagnetic
neighborhood.?*?® This is because the sign of the “trans-
ferred” By, which is represented by the second term in pa-
renthesis, depends on the orientation of neighboring spins;
therefore, the transferred field from the AF coupled neigh-
bors is of opposite sign compared with that in the FM neigh-
borhood.

II. EXPERIMENT

Polycrystalline samples of La,_,,Srj,,,Mn,0; (0.5=x
=1) studied were prepared by the high-temperature solid-
state reaction method, which is thoroughly described in Ref.
31.

The samples were characterized by magnetization (M)
versus field (H) measurements (Fig. 2) carried out using the
vibrating sample magnetometer. M versus H curves of com-
pounds with x=0.5, x=0.62, and x=0.68 show a ferromag-
neticlike component although these compounds are reported
in literature to be AF (x=0.5 and x=0.62) or to have no LRO
(x=0.68). One can notice that magnetization at the highest
field measured decreases with increasing Sr doping, which
could be due to decrease in the “nominal” average magnetic
moment of Mn with doping (in the case of FM order the
“nominal” Mn magnetic moment decreases from 3.5up to
3.2ug for x=0.5 and x=0.8 compounds, respectively). How-
ever, the main reason of magnetization decrease is “strength-
ening” of antiferromagnetism with Sr doping. The FM com-
ponent quickly decreases with increasing doping, and the M
versus H curves for compounds with x=0.7 and x=0.8 are
straight lines as expected for ideal AF.

The >*Mn NMR experiments were carried out using a
frequency-swept spin-echo spectrometer (Bruker Avance)
with an untuned probe coil. Measurements were performed
at 4.2 K and in static magnetic fields of 0, 1, 2, or 2.5 T using
a superconducting solenoid magnet. A sequence of two
radio-frequency (rf) pulses, —7—21#, was used (with a typical
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pulse spacing 7 of 12 us) and the spin-echo signal was av-
eraged and then integrated.

For optimal excitation of the NMR spin-echo signal (i.e.,
to obtain maximal signal at a given frequency) the first rf
pulse should be adjusted to turn the nuclear magnetization
from its equilibrium by an angle 77/2. The condition for the
/2 pulse depends in fact on the product of the pulse dura-
tion ¢ and the rf field amplitude. Therefore, the dependences
of the spin-echo signal on the rf pulse duration were mea-
sured (at a fixed rf amplitude) for all of the resonance lines
observed in the frequency-swept spectrum, starting from
short pulses of 0.1 ws up to 8 ws, in order to find the first
maximum of the spin-echo signal. Alternatively, depen-
dences of the spin-echo signal at a given frequency on the rf
field amplitude with fixed length of pulses were measured.

In magnetic materials a well-known effect of the rf field
enhancement occurs.?? The reason is that the quantum reso-
nant transitions of nuclear spins are induced not only directly
by the applied B, but also by the alternating (oscillating)
transversal part Blﬁc of the local field B),. acting on the nu-
clei. Oscillations of B),. are induced via strong hyperfine
coupling by oscillations of atomic (ionic) magnetic moments
in the applied B,. In summary, when an external radio fre-
quency field of intensity B, is applied to a magnetic sample,
the nuclei feel an additional enhanced field B = 7B,s, where
n is the NMR enhancement factor.

Mechanisms of rf field enhancement are different in the
case of antiferromagnet or ferromagnet. Additionally in fer-
romagnet enhancement mechanism is also different for nu-
clei in domains from that in domain walls. Consequently »
has different values for nuclei in antiferromagnet (the small-
est values of 7, 7<<20), nuclei in domains in ferromagnet (7
up to 100), and in domain walls in ferromagnet (7 even
larger than 10*). In principle, knowing % of different NMR
signals it is possible to distinguish whether the signal comes
from ferromagnetic or antiferromagnetic regions.

Taking into account the enhancement of rf field in mag-
netics, the parameters of the /2 pulse are given by equation

vnBt = /2, (2)

so that the determination of differences in the values of B
at optimal excitation of particular lines yields the possibility
to compare the corresponding enhancement factors # with
the aim to identify their origin.

Analogous processes enhance the NMR signals created by
Larmor precession of the nuclear magnetization; thus, the
intensities of the signals detected by a NMR coil are also
amplified.?* Therefore, to obtain information about relative
amount of nuclei that contribute to particular lines in a spec-
trum one has to consider besides the line intensities also the
differences in their enhancement factors.

A. NMR spectra of La,_, Srq,,,Mn,07, x=0.5, 0.62, and 0.68

Figure 3 presents the >Mn NMR spin-echo spectra of
La, ,Sri,» Mn,O; for x=0.5, x=0.62, and x=0.68 com-
pounds measured at 4.2 K and zero applied field, with inten-
sity correction for different enhancement factors of indi-
vidual lines. Due to very different values of 7 and line
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FIG. 3. ¥Mn NMR spin-echo spectra of La,_, Sr;,,,Mn,05 for
x=0.5, x=0.62, and x=0.68 at 4.2 K and zero applied field. Abbre-
viations denote AFI 4+ (Mn** ions in antiferromagnetic insulating
regions), FMI 4+ (Mn** ions in ferromagnetic insulating regions),
FMI 3+ (Mn?* ions in ferromagnetic insulating regions), and FM
DE (Mn***#* ions in the double exchange controlled ferromagnetic
metallic regions). Different values of NMR signal enhancement ap-
pear due to differences in NMR enhancement factors 7 of particular
lines; therefore, corrections of line intensities due to enhancement
effects were applied where the lower limit of the enhancement for
the FM lines with respect to the AF lines was considered (see the
text).

overlap they were measured at excitation conditions optimal
for particular line [ferromagnetic insulating (FMI) and ferro-
magnetic metallic (FMM) lines] or at maximal available ex-
citation angle (for the AFI line, when conditions of /2
pulse were not obtained even with maximal rf power) and
they are presented separately. The dashed line corresponds to
measurements at conditions optimal for FMI line at 325
MHz.

For the x=0.5 Sr-doped compound there are several lines
observed (Fig. 3) at 329 MHz (31.2T), 376 MHz (35.6 T),
and above 400 MHz, i.e., lines denoted as FMI 4+, FM DE,
and FMI 3+, respectively. The line at the lowest frequency
(329 MHz) is attributed to Mn** ions in the FMI phase® and
signals above 400 MHz are attributed to Mn3* ions also in
FMI phase. The line at about 375 MHz (between signals
from Mn** and Mn** ions in FMI phases) is assigned to Mn
ions with the valence averaged (between 3+ and 4+) due to
the DE interaction.’® Observation of this line indicates that
the characteristic time of the electron hopping due to the DE
interaction is much shorter than the difference between the
Larmor precession periods of the nuclear magnetic moments
in the two states (3+ and 4+) when the direction of the Byp
does not change, i.e., <5X 107° s. Therefore this resonant
line is attributed to the Mn ions in the DE-controlled FMM
regions.*> The amount of the FMM phase is much smaller
than that of the FMI phase.
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For the x=0.62 compound the Mn** line from FMI re-
gions at 330 MHz, the DE line at 378 MHz, and weak sig-
nals from Mn>* ions in FMI regions above 400 MHz are also
detected. However, an additional line centered at 284 MHz is
observed. In the literature reporting *>Mn NMR results on
manganese perovskites the lines below 300 MHz are as-
cribed to the Mn** ions in AFI regions.?327-34

The distinction, which line is due to AF or FM order, can
be proven by carrying out measurements in the applied mag-
netic field B,. If manganese moments are coupled FM and
the external field is higher than the demagnetization field, the
resonant frequency shifts toward lower frequencies (i.e., By,
decreases). This is due to the fact that the Byg is the domi-
nant contribution to By, and is antiparallel to the manganese
electronic magnetic moment. The biggest contribution to the
Byr comes from the Fermi contact field, Bge.mi, Which results
from the contact interaction of the nuclear magnetic moment
with the s-like electrons, polarized mostly by the d-like elec-
tronic magnetic moments.® This field is antiparallel to the
electronic magnetic moment and, consequently, Byp and B,
are also antiparallel to the electronic magnetic moment.

In an antiferromagnet with low magnetocrystalline aniso-
tropy or with easy magnetization direction of the easy-plane
type, as expected for the compounds studied, the sublattice
magnetizations will tend to align perpendicularly to the ap-
plied field. This is because the perpendicular susceptibility is
larger than the parallel one. Hence, the resonant frequency
corresponding to B),., which is a vector sum of Byp and a
much smaller By, changes only a little compared to that in
zero applied field.”?> In such a situation the AF line only
broadens without noticeable shift in frequency.’® Comparing
the relative intensities of all the observed lines for com-
pounds with x=0.5, 0.62, and 0.68 (Fig. 3), it is clear that the
intensity of the Mn** FMI line decreases with respect to the
FM DE line at the expense of the Mn** AFI line. This indi-
cates that the amount of the AFI phase is increasing with
doping, which agrees with the magnetization measurements.
The intensity of the FMI line may seem to be big compared
with the AFI line corresponding to the majority phase. How-
ever, we were unable to provide optimal excitation condi-
tions for AFI lines; i.e., with the highest rf power available
and the longest pulses we still could not reach them. This
caused an underestimation of the intensities of the AFI lines.

One has to mention that in lower Sr-doped compounds
(x=0.5) a small amount of intergrowths was found both in
single crystals’” and in polycrystalline samples.®® Inter-
growths were identified to be FM ordered,’” and therefore, it
cannot be excluded that FMI or FMM signals can be partly
due to intergrowths. However, to our knowledge there are no
studies of this problem in Sr doping range discussed in the
article.

Figure 4 presents the NMR measurements of
Lag 76515 24Mn,07 (x=0.62) compound at 0, 1, and 1.5 T at
4.2 K (not corrected for differences in 7). As expected for
the signal from the AF ordered magnetic moments the line at
284 MHz does not change its position significantly in the
applied field, in contrast to the DE line (at 378 MHz), which
shifts toward lower frequencies as is characteristic for the
FM ordered moments. The resonant frequency of the DE line
shifts to 367 MHz at 1 T, which agrees well with the value of
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FIG. 4. The *Mn NMR spin-echo spectra at 4.2 K for
Lag 76515 24Mn,05 (x=0.62) compound at field 0, 1, and 1.5 T. The
vertical line at 285 MHz is to show that the Mn** AFI line does not
shift in the applied field. Line intensities are not corrected for dif-
ferences in 7.

3Mn gyromagnetic ratio 10.55 MHz/T (the observed drop of
11 MHz corresponds to a decrease in the local field by 1.05
T). The Mn** FMI line also shifts to lower frequencies in the
applied field, but due to its overlap with other lines one can-
not determine its exact shift in applied field.

Additional proof of the type of the magnetic order comes
from a comparison of NMR enhancement factors 7. For ex-
ample, in the case of the x=0.62 compound the pulses which
were used for the AFI line at 284 MHz were five times
longer with ten times larger amplitude than pulses optimal
for the FM DE line. This means that 7,y is at least 50 times
smaller than 7gy. The enhancement factor of the FMI line,
e 1S found to be six times smaller than 7gypy-

One has to keep in mind that the enhancement factor in
the FM material is also much smaller for nuclei in domains
than for nuclei in domain walls. However the possibility that
the signal at 280-290 MHz comes from nuclei in FM or-
dered domains (smaller 7) can be excluded as in the applied
field such a line should also shift toward lower frequencies,
which is not the case for x=0.62 compound.

In Fig. 3 also the spectra for the x=0.68 compound are
presented and three lines are observed, corresponding to the
AFI, FMI, and FMM. The neutron powder diffraction
showed that for this doping level there is no magnetic LRO.!
However, the muon spin rotation study by Coldea et al.®
revealed that in the x=0.68 compound at low temperatures
short-range magnetic order exists. Our NMR results support
this finding and, furthermore, they indicate that the AF and
two different in electronic properties FM regions (insulating
or metallic) coexist. The width of the FMI Mn** line for the
x=0.68 compound is larger than for lower Sr-doped com-
pounds (x=0.5 and 0.62) and amounts to 37 MHz. The line-
widths in the case of x=0.5 and x=0.62 compounds amount
to 22 and 26 MHz, respectively. This difference is attributed
to a larger distribution of the static local magnetic fields in
the x=0.68 compound with no LRO. This result is also con-
sistent with that of muon spin rotation measurements.*

We were unable to detect the AFI signal in the compound
with x=0.5 despite attempts with excitation conditions simi-
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FIG. 5. The *Mn NMR spin-echo spectra at 4.2 K of
Lag 64515 36Mn,07 (x=0.68) in zero applied field and pulse spacing
=12 ws, 25 ws, and 50 us.

lar to those for AFI signals in compounds with higher Sr
content. Possible reasons of this fact are (a) the amount of
the AFI phase decreases with decreasing Sr content, i.e., it is
the lowest for x=0.5 compound, (b) the spin-spin relaxation
time, 7>, of the AFI line decreases with decreasing Sr doping
(see Table II) and is presumably the lowest for x=0.5 com-
pound (for x=0.62 compound due to fast spin-spin relaxation
we already “loose” 60% of the signal measured at the pulse
spacing of 12 us compared to 0 ws), and (c) 7 of the AFI
line for the x=0.5 compound may be even smaller than in the
case of higher Sr-doped compounds.

In order to be able to say more about the size of the FMM
regions (due to the DE interaction) in Lag g4Sr) 3sMn,05
(x=0.68) compound, three frequency-swept spectra with dif-
ferent value of pulse spacing were measured (Fig. 5). Unlike
in the ferromagnetic metallic Sr-doped pseudocubic
perovskites,*>*! there is no clear minimum at the center of
the DE line in the spectra measured with large pulse spacing.
The absence of such minimum indicates that regions where
DE interaction is effective are smaller than the range of the
Suhl-Nakamura interaction,*> which was found to be of
35 A at 77 K for Lay,SrysMnO5.*0 Additionally, the inten-
sity of FMI Mn** line decreases faster than the DE line with
increasing pulse spacing, which is due to a faster transverse
nuclear relaxation of the Mn** ions (see also Table II).

B. NMR spectra in La,_, Sr{,, Mn,07, x=0.75, and 0.8

The *>Mn NMR spectra of Lay sSr, sMn,0; (x=0.75) and
Lag 4Sry ¢Mn,05 (x=0.8) at 0 T and in the applied field 1 and
2.5 T measured at 4.2 K are presented in Fig. 6. For both
compounds only a single line centered at 290 and 287 MHz
for the x=0.75 and x=0.8 compound, respectively, is ob-
served in zero applied field. In the applied field also a single
line is observed, and a lack of its shift indicates that this line
is due to Mn*" in AF regions (see Table I). The absence of
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FIG. 6. The Mn NMR spin-echo spectra at 42 K of
Lag 5Sr; sMn,07 (x=0.75) at 0 T (solid line), 1 T (dashed line), and
2.5 T (dotted line), and of Lay4Sr, gMn,0; (x=0.8) at 0 T (solid
line) and 1 T (dashed line).

any signal from FM phases clearly indicates that such re-
gions do not exist in these two compounds or their
population/sizes are too small to be observed even by so
sensitive method as NMR. This result is in contrast to
pseudocubic AF ordered perovskite with a similar 2+ cation
doping level, e.g., Lay,5Cay75MnO; in which the FM DE
line was observed at 4.2 K.?8

The enhancement factor of the Mn** AFI line for the x
=0.75 and x=0.8 compounds is smaller than for x=0.62 and
x=0.68. Even with the first pulse of the spin-echo sequence
10 ws long and maximum power of the 300 W pulse ampli-
fier, we were unable to achieve the optimal excitation condi-
tions for the x=0.75 and x=0.8 compounds. The necessity
for using very long pulses at the full power clearly shows
that the enhancement factor, #, for x=0.75 and x=0.8 com-
pounds is smaller that in the case of the AFI line for x
=0.62 and x=0.68 compounds. This indicates a more “per-
fect” AF order or/and a higher magnetocrystalline anisotropy
in the former compounds. Indeed, this is consistent with the
magnetic structures determined by the neutron diffraction.!
The compound with x=0.62 has FM ordered planes coupled
AF (four Mn neighbors FM coupled and two AF coupled),
while x=0.75 and x=0.8 compounds have FM ordered
“rods” (two neighbors coupled FM and four AF coupled)
(see Fig. 1). Both, the small % and a lack of shift of the
resonance line in the applied field prove that the observed
signal comes from AF ordered regions, similarly to the x
=0.62 and x=0.68 compounds. As was already mentioned
also M versus H curves did not show any ferromagnetic
contribution (Fig. 2).

We failed to detect any NMR spin-echo signal from the
x=1 compound (all Mn nearest-neighbor coupled AF). At-
tempts in the frequency range 200-350 MHz with excitation
conditions similar to those used in the case of x=0.75 and
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TABLE I. Results of the Gaussian curve fits to the frequency-swept spectra (see Fig. 6): the linewidth and
central frequency for x=0.75 and x=0.8 compounds at 4.2 K.

0T 1T 25T

Linewidth MHz 21.1 24.5 36.5

x=0.75 Central frequency MHz 289.6 289.7 291.9
Linewidth MHz 10.9 16.3
x=0.8 Central frequency MHz 286.7 286.2

x=0.8 compounds both in zero applied field and at 1 T did
not provide any measurable spin-echo signal.

C. Spin-spin relaxation rates

For all the studied compounds measurements of the spin-
spin relaxation time 7, were carried out by varying the pulse
spacing 7 in the two pulse spin-echo sequence. The results of
the spin-echo decay measurements are presented in Table II.
A single exponential decay was assumed and the following
formula was used to fit the data:

A(T)=An+A7=0 eXp(— ?)’ (3)
2

where A(7) and A, are the spin-echo amplitudes at the
pulse separation 7 and 7=0, respectively, and A, parameter
corresponds to the noise level.

Table II presents spin-spin relaxation times obtained for
all the observed resonant lines. The nuclear spin-spin relax-
ation in FMM regions with the DE interaction effective is
due to fluctuations of the hyperfine fields related to the fast
hopping of the electron holes.** The nuclear spin-spin relax-
ation time of the FMI Mn** ions is shorter than that of the
DE line. In the case of FMI regions the mechanism of the

TABLE II. Values of the spin-spin relaxation times 7, and their
uncertainties, AT,, determined at 4.2 K for the AFI Mn** line (at
the frequencies of 2900 MHz), FMI Mn** line (330 MHz), and the
FM DE line (at the frequencies of 380 MHz).

Frequency T, AT,

(MHz) (us) (s)

x=0.5 330 (FMI) 20.1 0.3
375 (FMM) 24.2 0.6

x=0.62 286 (AFI) 29.4 1.9
330 (FMI) 24.0 0.6

380 (FMM) 333 1.1

x=0.68 290 (AFI) 40.9 1.4
380 (FMM) 30.6 1.1

x=0.75 290 (AFI at 0 T) 58.6 0.8
290 (at 1 T) 62.2 1.3

290 (at 2.5 T) 69.9 1.9

x=0.8 288 (AFI at 0 T) 56.8 3.2

spin-spin relaxation is different than in the case of the FMM
regions and is assigned to fluctuations of the magnetic hy-
perfine field and the electric-field gradient (EFG) related to
the motion of the Jahn-Teller polarons.** According to the
model proposed by Savosta et al.** the charge carriers in the
FMI regions can be regarded as the small Jahn-Teller po-
larons, and their movement is accompanied by a lattice ex-
citation leading to a fluctuation of the EFG. The T, of nuclei
in the FMI regions was found to be shorter than 7, of nuclei
in the FMM state in several pseudocubic perovskite manga-
nites, for example, in La;_sMnO; (Ref. 44) or
Lay oCay  MnO;.4

The spin-spin relaxation times of the AFI lines are longer
than for nuclei in the FM regions (see Table II). For x
=0.75 and x=0.8 compounds 7, in AFI regions is twice
longer than 7, in FM regions (insulating or metallic) in the
x=0.5, x=0.62, and x=0.68 compounds. For the x=0.75
compound measurements of 7, in the applied field were also
carried out (see Table II). The results indicate that T, in-
creases by 20% at 2.5 T compared to 7, at O T, which can be
partly attributed to the field dependence of T, resulting from
the Suhl-Nakamura interaction, due to which 7, increases as
the external field increases.*®*’ Such effect was also ob-
served in the manganese ferrite*® and in Lag goPby 5;MnO5.*

III. CONCLUSIONS

The >>Mn NMR has been used as a local probe of the
magnetic arrangement in highly doped bilayered manganese
perovskites La,_,,Sry,,,Mn,0,. The study has shown unam-
biguously that the compounds x=0.5 and 0.62, both of the
A-type AFI order (Ty~200 K) according to previous
neutron-diffraction work, are in fact phase separated. This is
manifested by observation of NMR signals from Mn** and
Mn?* ions in the short-range ordered FMI, as well as FMM
regions in addition to the signal from Mn** ions in the long-
range ordered AFI phase. The coexistence of these three
phases has been detected also in the x=0.68 compound with
no long-range magnetic order. The amount of the FMI and
FMM phases relative to the AFI one has been found to de-
crease with Sr doping, and no FM signals have been detected
for higher Sr-doped compounds x=0.75 and x=0.8 with the
C or C*-type AF order (Ty~200 K) and for x=1 with the
G-type order (Ty=160 K). The lack of FM behavior in these
samples, confirmed also by magnetization measurements,
points to a decreased strength of DE interaction (or itiner-
ancy of electrons) in the bilayered (two-dimensional)
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perovskites compared to the pseudocubic (three-
dimensional) systems such as La;_,CaMnO; or
Pr;_,Ca,MnOs(x— 1), where the FM phase is stabilized in
addition to the G-type one.**%3! It should be noted, how-
ever, that such FM phase is not formed in analogous three-
dimensional system Pr;_.Sr,MnOs. In that case, the itiner-
ancy seems to be hindered by extrinsic tetragonal distortion
of the G-type phase due to its epitaxial stacking with coex-
isting C-type regions,® which has probably the same effect

PHYSICAL REVIEW B 78, 184428 (2008)

as the decreased dimensionality in the present bilayered per-
ovskites La,_,,Sry,, Mn,0.
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