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1. Introduction

“Cubic” and bilayered manganese perovskites belong to a very broad family of oxide
compounds of transition metals crystallizing in the perovskite structure. They are a part of the
Ruddlesden-Popper phases system which is described by the formula: (Al_xBx)nﬂMnnOgnﬂ,
where A and B are trivalent and divalent cations, respectively. The compounds studied exhibit
intriguing magnetic and electronic properties and phenomena, including phase segregation.
They also show magnetoresistance effect, which is very promising in terms of possible
applications. Magnetic and electronic properties of these compounds are closely interrelated,
due to the same (d) character of the “magnetic” and “conduction” electrons. The interplay of
lattice, charge, spin and orbital degrees of freedom results in a variety of electronic and
magnetic properties ranging from a metallic or insulating ferromagnetic (FM), to
antiferromagnetic (AF) insulating, or paramagnetic insulating behaviour. Manganese
perovskites offer a unique opportunity to study and verify concepts introduced by theoretical
physicists and chemists, which can also be very useful in other fields of physics.

In this work the effect of “dimensionality” of the compounds’ structure is studied.
“Cubic” manganese perovskites with general formula (Al_xBx)MnO3 are considered as three
dimensional compounds, while bilayered perovskites, (A, B,|;Mn,O, are considered as
(quasi) two dimensional. Other important aspects and factors which influence properties of
these compounds are also studied, such as: the effect of Sr or Ca doping, the influence of the
grain size on the magnetic and electronic properties and how the applied magnetic field
affects the local properties. Additionally, for some compounds the temperature changes of
their properties are investigated. Namely, an attempt is made to check if the phase segregation
picture is a common feature for various manganese perovskites, which differ in terms of their
macroscopic properties.

In order to study local properties of the compounds of interest, the Nuclear Magnetic
Resonance (NMR) method was employed and complemented with bulk magnetic
measurements.



2. Properties of “cubic” and bilayered manganese perovskites

The compounds studied belong to the Ruddlesden-Popper phases with a general
formula(Al—xBx)n+1MnnO3n+1, the n parameter can be equal to 1, 2, 3,... and oo, x is the
doping, A is a trivalent cation and B is a divalent cation. When n=co one obtains the formula
(A1-XBX)MHO3 of so called three dimensional “cubic” perovskites. If n=2 the general formula
is (Al_xBX)3Mn207, compounds from this series are sometimes referred as two dimensional
bilayered perovskites, which is due to their quasi two dimensional crystallographic structure.

Mixed valence manganese perovskites of the general formula (A_,B,)MnO, became

for the first time the subject of interest of physicists in the fifties of the last century [Jonker
1950, 1956, van Santen 1956]. When A’* is substituted with B** with oxygen ion maintaining
O” state, the relative fraction of Mn®** to Mn*" decreases with increasing doping x. The interest
in manganites revived in the 1990s, when large magnetoresistance (MR) effects were found in
NdosPbosMnOs [Kusters 1989].
For understanding the physics related to manganese perovskites it is also essential to consider
possible magnetic interactions between Mn ions i.e. the super-exchange (SE) and double
exchange (DE) interactions. The SE interaction occurs between two magnetic ions of the
same valence through the occupied oxygen 2p orbital (Fig. 1). The SE interaction is a virtual
exchange between electrons of magnetic ions with electrons from the same 2p orbital of
oxygen, which have antiparallel spins according to Pauli exclusion principle. Therefore the
orientation of spins of magnetic ions is also antiparallel and leads to AF ordering of the
material. Since SE is only “virtual” exchange it does not affect the mobility of electrons.
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Fig. 1 The schematic diagram of mechanism of the double
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The DE interaction occurs between two Mn ions of
different valence also through the 2p oxygen orbital, but
unoccupied (Fig. 1). The DE interaction occurs when the
electron from the e, orbital (of Mn** ion) can hop to a
neighbouring site (to Mn*" ion), when there is a vacancy of the
same spin [Zener 1951]. As a result of the first Hund’s rule and
strong exchange interaction of the e, electron and three ty
electrons all electron spins are aligned. Therefore the hopping
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of the e, electron from one site to other site with t,; electron
spins antiparallel to the e; electron spin is not energetically favourable. As a result,
ferromagnetic alignment of neighbouring magnetic ions is required to maintain the high spin
state of both ions. Another result of electron hopping is the appearance of itinerant electrons
in the system, which results in metallicity of the material.

Due to the strong competition between the DE and SE interactions and electron-
phonon interactions (i.e. Jahn-Teller effect) in manganites a rich variety of possible types of
magnetic (paramagnetic, FM, AF, canted AF) and electronic (metallic, insulating) phases can
occur. Moreover, in manganites ferromagnetic metallic (FMM) phase can coexist with
ferromagnetic insulating (FMI) or antiferromagnetic insulating (AFI) phases. Also charge
order (Mn** and Mn** ions) and orbital order of the Mn** 3d e, orbitals (9,:_,: or d,,._.) are



possible.
3. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) uses nuclear magnetic dipole moments and
electric quadrupole moments as “local” probes of electronic and magnetic states of their
parent atoms with the selectivity to the individual isotope of the element. Nuclear magnetic
dipoles probe magnetic hyperfine fields produced by electrons and the nuclear electric
quadrupoles probe electric field gradients produced by an electric charge density of aspherical
distribution around the nucleus. It provides the information on the magnetic and electronic
state of an element at the individual structural and magnetic sites. Fluctuations of the
hyperfine fields and electric field gradients contribute to the nuclear relaxation. Performing
the NMR experiment in an applied magnetic field enables us to study the local arrangement of
magnetic moments and their coupling.
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NMR measurements also revealed
electronic phase separation in manganese
perovskites [Allodi 1997, Papavassiliou 1999,
gO0 250 D 3D 400 450 sa0 ss0 s 2000, Renard 1999, Kapusta 2000a, 2000b].

Frequency [MH=] Phase separation observed with the NMR
method manifests itself with distinct resonant lines in the spectra. Resonances of *Mn nuclei
around 330 MHz or higher than 400 MHz are due to Mn** and Mn®* ions in the FMI phase.
Signals between 250-290 MHz are due to the resonance of Mn** ions in the AFI phase. The
resonance around 370-380 MHz is due to manganese ions with intermediate valence (between
3+ and 4+) as a result of the ferromagnetic coupling resulting from the DE interaction
[Matsumoto 1970]. Observation of this resonance indicates that the characteristic time of
electron hopping due to the DE interaction is shorter than the difference in precession periods
of the nuclear magnetic moment in the two states (3+ and 4+) of an ion when the direction of
hyperfine field does not change, i.e. <<5.10%s. A schematic plot of the frequency swept
spectrum with possible resonant lines is presented in Fig. 2. In [Allodi 1997] results of *’Mn
and *’La NMR measurements, showed coexistence of AF and FM subsystems in Ca doped
LaMnO; compounds. Coexistence of FMM and FMI regions is also possible as was concluded
for low doped La;..Sr<MnOs system [Renard 1999].

4. Magnetometers and NMR spectrometers

In this thesis the results of magnetic measurements carried out on the Vibrating
Sample Magnetometer and the SQUID (superconducting quantum interference device)
magnetometer and NMR measurements carried out on two spectrometers are presented. The
NMR spectrometer at the Faculty of Physics and Applied Computer Sciences of AGH-
University of Science and Technology in Krakow is a “home made” spectrometer and the
spectrometer at the Faculty of Mathematics and Physics of Charles University in Prague is an
adapted Bruker AVANCE high-resolution spectrometer. NMR frequency swept spectra are



obtained by the spin echo method. Both spectrometers consist of:
e the pulse generator, with the splitters and the power amplifier in the transmitter
section,
* the receiver section, with the signal amplifiers, the protection diodes and mixers,
* the digital section, with the averaging oscilloscope and the computer.

A stable frequency is provided by a synthesized oscillator whose sinusoidal output is
divided into a reference signal and a “to sample” excitation signal. The spin-echo signal,
phase sensitive detected in two orthogonal channels, is averaged in the digital oscilloscope
and stored in the computer.

The spin-echo signal can be separated from the FID and spurious signals (including
receiver recovery effects) following the “m/2-1- m - T’ sequence by phase switching and,
additionally, by an electronic transmit/receive switch, [Riedi 1994, Lord 1995]. The recovery
time of the spectrometers is about 6 ps, depending on the frequency range and some other
experimental conditions.

5. Experimental results and discussion

In the thesis several systems of manganese perovskites are studied: “cubic”
perovskites:

La;«(Sr,Ca)\MnO; synthesized by the ceramic method, nanoparticles of
Lao.75Sr02sMnOs prepared by the sol-gel method and bilayered perovskites: La;.oxSri+xMn,0O5
prepared either as single crystals by the floating zone technique and then powdered (
0.3<x<0.5) or synthesized originally as powder samples (0.5<x <1) by the solid state
reaction method.

5.1 Lags75Sro.12sMnO0s and LagssSre1sMnO; *>Mn and ®°La NMR

In Fig. 3 the **Mn frequency swept spectra measured at various temperatures ranging
from 4.2 K to 225 K are shown. In all the presented NMR results at no applied magnetic field
the measured signal comes mostly from domain walls owing to their larger enhancement
factor. The dependences of the spin echo signal on the pulse length were measured at the
maximum pulse amplitude for most of the resonance lines observed in the frequency swept
spectra, starting from short pulses (mostly 0.1 ps) to 1-2 s in order to find the first maximum
of the echo signal, i.e. to determine the optimal excitation conditions. Unless stated
differently, the presented frequency swept spectra are measured for excitation conditions
which are optimal for the DE line. Usually, the enhancement factor of the Mn*" line was found
to be slightly larger and for the Mn>* resonances - slightly smaller than for the DE line. A
correction of the frequency response of the spectrometer was provided by inserting a 6 dB
attenuator at the top of the probehead, which was found to reduce substantially the standing
waves arising from a lack of impedance matching of the untuned coil. As the exact frequency
response of the spectrometer and the frequency dependence of the enhancement factor were
not known, the spectra are presented with no frequency correction.

At 4.2 K we observe several lines, namely Mn*" line (at 327 MHz), the DE line
(around 400 MHz) and two Mn*" lines (ranging from 425-550 MHz). The appearance of
several lines in the **Mn spectra suggests the occurrence of phase separation in the compound



studied, in agreement with results of [Allodi 1997, Papavassiliou 1999, 2000, Renard 1999,
Kapusta 2000a, 2000b, Novak (2004)]. The origin of the Mn*" and Mn** lines are the Mn
cations, which are in ferromagnetic insulating (FMI) regions, while the DE line is associated
with Mn cations of intermediate valence, which is related to a fast, DE driven, 3d e, electron
hopping between the Mn** and Mn** ions leading to ferromagnetism and metallicity (FMM)
of these regions [Matsumoto 1970]. The ground state of the LaggsSro.12sMnOs compound in
the literature [Dabrowski 1999] is reported to be FMI, however, at low temperatures we
observe signals not only from FMI, but also from FMM regions. This indicates that there
exists a phase separation into FMM and FMI regions in the compound studied. The size of the
metallic-like regions in lightly doped manganites reported in the literature varies from 10 A to
100 A [Hennion 1998].
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Fig. 3. The *>Mn frequency swept NMR spectra
of LasssSro2sMnO; at various temperatures.
Tco and T¢ are the charge ordering temperature
and Curie temperature respectively, reported in
the literature [Dagotto 2001].

As can be seen in Fig. 3, the DE line
exists well above the bulk magnetic ordering
temperature, Tc of 180 K and the signal was
measured even at 225 K. This fact is attributed
to long lived FMM regions (FM polarons
[Salafranca 2006]). The fast diminishing of the
Mn*" signal with increasing temperature is due
to a fast decrease of the spin-spin relaxation
time, T, and at 77 K very weak Mn>* signals are
observed at 420 MHz and at 500 MHz. A fast
decrease of the Mn** signal from FMI regions
with increasing temperature was also observed

in lightly Ca doped cubic manganese perovskite, LaysCao:MnQO; [Algarabel 2003]. The FMI
Mn*" line is observed up to 160 K, which is reported to be the temperature of transition to the
charge ordered state [Dagotto 2001].
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Fig. 4. Normalised effective field, By versus
temperature (for the FMI Mn*" line and Mn
ions in the DE regions of the Lagg7sSr.12sMnO;
compound). Lines are guides for eyes only.

Normalised temperature dependences
of the effective field at nucleus, B.y of the Mn**
and Mn cations in the DE regions are shown in
Fig. 4. Points on the plot are central
frequencies of Gaussian curves fits to the
experimental data. At 4.2 K the B,y at the Mn**

nuclei in the FMI regions amounts to 31.26 T and at the Mn nuclei in FMM regions (averaged



Mn** and Mn* valence state) it is higher and amounts to 37.9 T (400 MHz). The decrease of
the By of both lines is due to a decrease of the manganese magnetic moment, <S,>, with
temperature. For the DE line B.s decreases merely by 17% between 4.2 K and 212 K. Since
the By is approximately proportional to the average spin magnetic moment, this indicates
almost fully saturated Mn magnetisation in the FMM regions in this temperature range. The
existence of the FMM regions above the Tc was observed by NMR also in other manganese
perovskites [Kapusta 1999]. The respective change of the Mn*" B is larger and amounts to
18%, between 4.2 K and 154 K, compared to 10.7% for the DE line at this temperature range.
This indicates a weaker magnetic coupling in the FMI than in the FMM regions. A similar
effect was found in the lightly Ca doped manganite system [Kapusta 2000]. Signals from the
Mn** ions at 4.2 K in the FMI regions range from 425 MHz (40.28 T) to 550 MHz (52.12 T).
Such a broad distribution is due to the large anisotropy of the Mn** hyperfine field. Mn*" is a
Jahn-Teller ion and thus a different occupation of the e, orbitals can be expected.
Additionally, in the case of Mn®" ion the orbital moment is not quenched and can be of
0.05-0.1 s (4-6% of the spin magnetic moment) in the lightly Sr doped cubic manganese
perovskites [Koide 2001].

1 Fig. 5. *Mn NMR spin echo spectra of the
| -
/'-.\_ s 3(_)‘0“5 Laps7sSro.12sMnO3 compound at 4.2 K and different
o ! A values of pulse spacing, 7. Lines are guides for eyes only.
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! y respectively, remain dominant. The Mn*" line at 530
MHz persists for higher pulse spacing, indicating that
f nuclei contributing to this signal have a longer spin-spin
300 350 400 450 500 550 relaxation time T, compared with nuclei contributing to

Frequency (MHz) the Mn®" line at 440 MHz. The line with shorter T (at
lower frequency) is attributed to the domain wall centre
and the line which has a longer T- (at higher frequency) is attributed to the domain wall edge,
where the ionic magnetic moments are within or close to the easy magnetisation direction
(EMD) [Weisman 1973, Davis 1976, Leung 1977]. The signal from domain wall centre
corresponds to the ions with magnetic moments along (or close to) the hard magnetisation
direction(s) (HMD). However, according to this line attribution, the line at 440 MHz
attributed to domain wall centre should differ in enhancement factor, which is not the case.
The enhancement factor of the line at 440 MHz is found to be almost the same as for the line
at 530 MHz.

Additionally, measurement at 3 T and at 3.2 K was carried out to verify the attribution
of Mn*" lines described above (Fig. 6). As it can be seen at 3 T the FMI Mn** and FMM DE
lines shift towards lower frequencies, as the Mn** line at 530 MHz also does. However, the
Mn*" line at 440 MHz does not shift, but only decreases in intensity compared with other
lines. The shift towards lower frequencies confirms that the observed signals, from the Mn**

Normalised spin echo intensity [arb.units]




ions and from regions where the DE interaction is effective, come from FM ordered regions.
The hyperfine field, Byr which is the dominant component of the By is negative (i.e.
antiparallel to the electronic spin moment, (4 and to the applied field, By). Therefore with
increasing applied field the By and the corresponding resonant frequency decrease. Resonant
frequencies decrease by 28 MHz and 18 MHz for the Mn* line and the DE line, respectively.
A smaller change in the case of the DE line is probably due to a higher demagnetising field
and/or magnetocrystalline anisotropy in the DE regions.

Fig. 6. ®°Mn NMR spin echo spectra of the
Lags75Sr0.12sMn0O; compound at 3.2 K at no
applied field (solid line), at 3 T (dashed line)
and at 0 T after switching the field off
(dotted line).
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In the case of Mn®* lines, assuming
that observed signals come from domain
walls, which is usual in NMR experiments
due to higher enhancement factor of nuclei in

Normalized spin echo intensity [arb. units]

275 300 325 350 375 400 425 450 475 500 525 550 575 domain walls than within domains, the shift

F MH . .
requency [MHz] of the line at 530 MHz means that magnetic

moments of ions contributing to this line are
parallel to the applied field. This means that they may be located in domain wall edges. In
domain wall centres magnetic moments can be perpendicular to the applied field. Since the
B is much larger than the applied field (42 T compared to 3 T) no shift of the line at 440
MHz is observed at 3 T.

The situation is in fact more complicated, because in the compound studied there are
two non equivalent Mn sites. Taking into account only crystallographic structure there is only
one Mn site, but introducing magnetic order, the relative distortions and tilting of manganese-
oxygen octahedra results in two non equivalent Mn sites. For these two sites angles between
direction of the magnetic moment and main directions in the octahedron are different. The
presence of two non equivalent Mn sites can be the reason of the asymmetric line shape of the
Mn*" FMI line at 330 MHz (see Fig. 5). However, the observed Mn>* lines cannot be due to
two non equivalent Mn sites, because they both should shift towards lower frequencies at the
applied field, which is not observed for the line at 440 MHz.

An alternative explanation for the lack of the shift in the applied field could be its
origin in AF coupled moments. However, as was mentioned, the enhancement factor, 1 is
similar for both lines while it should be much smaller for the signal from AF coupled
moments than for FM coupled [Turov 1970].

With increasing content of Sr (hole doping) the average ionic radius of the perovskite
A-site cations increases (the ionic radius of Sr** is larger than La®*"). This is called the
chemical pressure effect [Xu 2003], which results in the increase of the Mn-O-Mn bond angle
and a decrease of the distortions [Xiong 1999]. Therefore, one might expect a higher
effectiveness of the DE interaction (effectiveness of the DE interaction increases with
increase of the Mn-O-Mn bond angle). The FMM phase content should also increase with
increasing Sr doping, thus it should be higher in the x=0.15 Sr doped compound than in the
compound with x=0.125. As expected, we observe this kind of behaviour in the NMR spectra.



The **Mn NMR frequency swept spectra of the LagssSro1sMnQOs compound at different
pulse spacing, 7 and at 4.2 K are presented in Fig. 7. Similarly to LagsssSro.12sMnQs, the
spectra of LaggsSto.1sMnOs at 4.2 K reveal the co-existence of FMI and FMM regions. The line
at 334 MHz is due to Mn*" ions and signals ranging from 410 to 550 MHz are due to Mn*

ions in the FMI regions while the line at 396 MHz is due to FMM regions.
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Fig. 7. ®Mn NMR spin echo spectra of the
LaggsSro1sMnOz; compound at 4.2 K with three
different values of the pulse spacing, T.

Ao In Fig. 7 it is clearly visible that a dip in the
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S ‘\L — 1504 centr'e of the DE line appears w1th increasing pulse
— . e e spacing. The effect can be explained by the Suhl-
FRY

Nakamura (S-N) interaction [Suhl 1958, Nakamura
1958, Davis 1974] between nuclear spins of
neighbouring Mn ions. The nuclear spin, which sees
the electronic spin of its own ion through the

hyperfine coupling, excites a spin wave through this
coupling, and another nuclear spin absorbs it through its hyperfine coupling [Suhl 1958]. The
observed dependence of the spectra on the pulse spacing means that nuclear spins, which
precess at or near the central frequency, reveal a faster spin-spin relaxation than spins
contributing to the wings of the resonance line. As the centre of the DE resonance line
originates mainly from the spins inside the DE regions, a minimum at the line centre denotes
that the neighbouring manganese ions are magnetically equivalent, which makes the S-N
interaction effective. This is much less effective at the boundaries of DE regions where Mn
neighbours differ in terms of magnetic moments and/or their directions, which prevents the
exchange of virtual spin waves and results in a slower spin-spin relaxation. An indication of
the S-N interaction is the frequency dependence of T, which should have a minimum at the
centre of the DE line. Such a minimum is observed in the case of LaggsSro1sMnQ3z, but not for
Lags75510.12sMn0O;s (see Fig. 8).

1001 Fig. 8. Frequency dependence of the spin-spin

relaxation time, T, for x=0.125 and x=0.15
g compounds. The DE mark denotes the resonant
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and no dip at the line centre appears (Fig. 5). The
S-N interaction was also observed in other
ferromagnetic metallic manganites [Savosta 2001,
Rybicki 2004]. On this basis we conclude that the S-N interaction is effective only in the
x=0.15 doped compound and that the regions, where the DE interaction is dominant are much
larger in size in the x=0.15 than in the x=0.125 doped compound. The FMM clusters of the
size of 10 nm were also found in the x=0.15 compound by the small angle neutron scattering
(SANS) technique [Ibarra et al., unpublished].
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In manganese perovskites, besides **Mn NMR also signals from '*La nuclei have been
measured in several compounds doped with calcium [Allodi 1997, Papavassiliou 1997, 2001]
or with sodium [Savosta 1999]. Lanthanum nucleus (nuclear spin I=7/2) is subjected to the
transferred hyperfine field (from manganese neighbours) and dipolar interactions with
electronic moments as well as to the quadrupolar coupling with the electric field gradient.
However, satellite lines which would indicate the presence of quadrupolar interactions have
never been observed experimentally in manganese perovskites. The hyperfine field originates
indirectly from the overlap of the Mn |3d> with oxygen |2p> wave functions, in conjunction
with o bonding of the oxygen with |sp*> hybrid states of the La*" cation [Papavassiliou 1997].

The frequency swept spectra of ""La NMR are presented in Fig. 9. For both
compounds with different Sr doping two lines are observed, however with different relative
intensities. Resonant frequencies are obtained by fitting Gaussian curves to the data and they
amount to 17.64+0.09 MHz and 32.80+0.11 MHz for x=0.125 Sr doped compound. For
x=0.15 Sr doping resonant frequencies amount to 18.57+0.04 MHz and 32.92+0.14 MHz. The
corresponding values of the B at the "**La nuclei amount to 2.94 T and 5.46 T for the
x=0.125 compound and 3.09 T and 5.48 T for the x=0.15 one. The difference between
effective fields of those two lines for both compounds is close to 2.5 T and it cannot be
explained by the anisotropy of the dipolar field, By which is of order of a few tenths of Tesla.

The *La signal at frequency 20 MHz and a tail at higher frequencies (up to 35 MHz)
were observed also for LagssCaoi2sMnOs; compound [Papavassiliou 2001]. The authors
suggested that the higher frequency signal is due to the formation of Mn octant cells with
enhanced Mn-O wave functions overlap resulting in a higher effective field on "*"La nuclei.
The signal at higher frequency is not observed for the FMM manganese perovskites doped
both with Sr (see the spectrum for x=0.3 Sr doped compound, Fig 4.9) and with Ca
[Papavassiliou 1998], where a single line at the lower frequency is observed only. Therefore,
one can assume that the line at lower frequency is due to '*’La ions in FMM regions and the
higher frequency line is due to *La in charge localised (CL) FMI regions. This assumption
can be supported by the fact that the relative intensity of the CL line is higher for x=0.125
doped compound, thus meaning that the amount of the FMI phase is higher for this compound
than for the x=0.15 one.
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Fig. 9. a) "La NMR frequency swept spectra at 4.2 K, for x=0.125, x=0.15 Sr doped
compounds and for x=0.3; b) together with the spectra measured with shorter exciting pulses
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for both compounds. The solid curves are Gaussian fits to the experimental data.

As can be seen in Fig. 9b the line at lower frequency requires a smaller radio
frequency (rf) pulse amplitude or pulse length, whereas the line at higher frequency is not
observed for a small pulse length (0.2 ps). This indicates that the enhancement factor, 1 of
nuclei contributing to the signal at lower frequency is bigger. A possibility that one of
observed lines could be due to some remaining AF phase (the AF — FM phase boundary
occurs for 10% of Sr doping) can be excluded, since the "*"La signal from AF phase can only
be observed at high applied fields. Such a signal was observed at 7 T in the antiferromagnetic
LaosCapsMnOs; [Allodi 1998] and at similar fields in LaggsSroosMnO; [Kumagai 1999]. Even
if **La signal from the AF phase could be observed at 0 Tesla, it should correspond to much
lower frequencies than the signal from the FM phase, Since the hyperfine transferred field
from AF ordered manganese neighbours of La would be smaller than from FM ordered Mn
ions. So this hypothetical La signal from AF phase at lower frequencies should, according to
previous studies [Allodi 1998, Kumagai 1999, Yakubowskii 2000], have a smaller
enhancement factor and shorter relaxation times, which is not the case (see Fig. 9b). Both the
spin-spin and spin-lattice relaxation times are found to be more than two times bigger for the
line at lower frequency.

5.2 Nanoparticles of Lao.75Sr2sMnQOs

Fig. 10 presents **Mn NMR spin echo spectra at zero field, at 0.2 T and at 0.5 T for
samples with grains of micrometric size (SM) and with average grain size of 114 nm (S114)
and 33 nm (S33). The dominant DE line centred close to 380 MHz and a weak signal at lower
frequencies (315-340 MHz) ascribed to Mn** ions in FMI regions located in the outer layers
of the grains are observed. Our observation of two resonant lines is similar to that in the NMR
*Mn study of LageCao3:MnOs; nanoparticle materials [Bibes 2003, Savosta 2004]. Similarly
to the results presented there the intensity of the signal at 315-340 MHz per unit mass
decreases with increase of the average grain size (Fig. 11). The relative amount of the FMI
phase estimated from the line intensities of the spectra at zero field is of 3% and 1% for the
samples S33 and S114, respectively.

320 340 360 380 400 420 440 | Fig. 10. Normalised NMR **Mn spin echo spectra of
Lag75S102sMn0O;5 (SM, S114 S33 samples) at 4.2 K, at 0 T
(solid lines), 0.2 T (dotted lines) and 0.5 T (dashed lines).

The values of the resonant frequencies of the DE
line obtained from Gaussian curve fits to the spectra for
samples S114, S33 and SM at 0 T are 384.5 MHz, 381.9
MHz and 383.4 MHz respectively. Since the magnitude of
the hyperfine field, Byr is approximately proportional to
the average electronic spin moment (<S>), By :A<S >,
where A is the hyperfine coupling tensor, therefore
different values of the Bur for all samples could be
o o a1 | attributed to a slightly different Mn*/Mn*" ratio in all

Frequency [MHZ] studied samples. This may be due to a possibly different

Echo intensity [arb. units]
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oxygen stoichiometry in different samples resulting in non stoichiometric Mn*/Mn*" ratio
and/or an influence of the related negative pressure in small grains, which would decrease the
value of Byr [Kapusta 2001].

Fig. 11. Normalized *>Mn spin echo spectra
of Lag7sSro:sMnOs of SM (dashed line),
S114 (dotted line) S33 (solid line) samples
at 4.2 K and at 0 T. Zoomed view of low
frequency region is presented in the inset.

The DE line shifts towards lower

frequencies with increasing applied field as

, — ] expected for the hyperfine field antiparallel
300 325 350 375 400 425 450 .

Frequency [MHz] to the Mn magnetic moment. For the

sample S114 at 0.5 T, the By is reduced to

Normalised echo itensity

36.02 T from 36.45 T at no applied field, for the sample S33 it decreases from 36.20 T to
35.72 T and for the SM sample from 36.34 T to 35.98 T. One can conclude that the
demagnetizing field, Bg.n is smaller than 0.2 T and that even at the smallest applied magnetic
field our samples are the most likely in a single domain state.

However, the spin-spin relaxation time (7T>) for all studied samples reveals a non-
exponential behaviour at 0 T, whereas T, decreases with a single exponential manner at 0.5 T
(Fig. 12). This indicates the presence of some domain wall-like magnetic inhomogeneities in
all the studied samples at 0 T, which disappear after applying magnetic field of 0.5 T. Similar
behaviour was also observed by Savosta et al. [Savosta 2004]. On this basis we assume that
the DE line originates from Mn ions located both in domains and domain-wall like
inhomogeneities (i.e. close to surface regions, where magnetic moments change their
orientation similarly to the behaviour of magnetic moments in domain walls). The existence
of typical domain walls is put in question due to very small size of grains in the samples S33
and S114. A similar assumption was also made in [Savosta 2004]. The nuclei in domain
walls have shorter spin-spin relaxation time than nuclei in domain interiors [Weisman 1973,
Davies 1976, Leung 1977].

Fig. 12. Spin echo decay curves for
resonant frequencies of the DE lines at
4.2 K for all studied samples of the
Lag75Sro2sMn0Os; a) at 0.5 T and b) at 0
T. Note the logarithmic scale of the echo
intensity.

10 20 30 40 50 60 70 80 90 100
a) at0.5T

Echo intensity [arb. units]

Due to presence of signals
' il both from domains (T2D) and from
10 20 30 40 50 60 70 80 90 100 . . .
Pulse spacing [s] domain walls (or domain wall like
. Dw
regions) (T, " ), two exponents have to
be used in order to fit the decay curve of the spin-echo signal. The experimental data were
fitted with the following curve:

2T 2T
A(T) = A%o eXPE g A%g CXPEr o )
AT) = Arco eXpEr 25 B Arcy €XPE 2y
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where A(T)and A”%)" are the spin-echo amplitudes at the time 7, and 7=0 (for domains and
domain walls (or domain wall-like regions), respectively. The obtained values of the spin-spin
relaxation times for nuclear magnetic moments, T,” and T,”" for all the samples at 0 T, at 4.2
K and 77 K are presented in table 1.

4.2 K 77 K
Sample T,”" [us] T, [us] T,”" [us] T,” [ups]
SM 43+£0.2 31.8+1.2 11.1+£0.2 35.6 £ 0.6
S114 12.1+0.1 38.7 £ 0.6 92+1.2 244+ 4.7
S33 10.7 £ 0.1 33.3+05 7615 22.5+6.6

Table 1. Spin-spin relaxation times for nuclear magnetic moments in domains (7, ) and in
domain walls (or in domain wall like regions) (T,”" ), obtained using equation 1 for all the
studied samples of Lag7Sro.sMnO; at 0 T, 4.2 K and 77 K measured at the resonant line
maximum for each sample.

Also for all the three samples of Lag75Sro.sMnO; the frequency swept spectra at 0 T
and at 0.5 T for various pulse spacing, T were measured. With increasing pulse spacing a dip
at the centre of the DE line similar to that observed for the case of LaggsSro.1sMnO; compound
is observed, which is due to the S-N interaction. Also the frequency dependence of T has a
minimum at the central frequency (Fig. 13). The values of the T, were calculated from all
measured frequency swept spectra with different pulse spacing used. They were obtained
assuming a single exponential decay of the spin-echo signal (see Fig 12a) i.e. a single domain
state of samples at 0.5 T. The Suhl-Nakamura interaction for **Mn ion in bulk metallic
Lao7CapsMnO; compound has the effective range of 35 A at 140 K [Savosta 2001].

at 42K at 05T Fig. 13. Frequency dependence of the spin-spin relaxation
300 ] —»—S33 time, T, for samples S33, S114 and SM of Lag 755r02sMn0Os
—r—sll4 at 4.2 K and at 0.5 T with error bars marked.

2754

2504

As can be seen in Fig. 13, samples S114 and SM
have similar values of the T, for a given frequency, while
T, of the S33 sample is significantly smaller. This means
that the relaxation of nuclear spins is faster. In the
metallic -like perovskite manganites there are two main
mechanisms responsible for the spin-spin relaxation of
nuclear magnetic moments [Savosta 2004]. The first one
are fluctuations of the hyperfine fields caused by hopping
e of electron holes, T,(hop). The second mechanism is the
350 36|2re310en?:8;[l\/|3i?z] 400 spin-spin relaxation due to the S-N interaction, T,(SN),

which is not effective at the sides of the resonant line,
where the mechanism due to electron (hole) hopping has to
be considered only. Therefore, both relaxation processes can be separated using the formula

2254

200+

175+

T, [us]

1504

125+

100

754
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[Savosta 2004]:

T," =T," (hop) +T,"(SN) (2)
where T," is the value for given frequency, taken from Fig. 13. From this formula the
contribution of the S-N interaction to the relaxation rate is derived. The values of the
relaxation rates, T, (SN) amount to 6.97 ms™, 6.61 ms" and 7.63 ms™ for S33, S114, SM
samples respectively for the DE line and one can conclude that in all the samples studied the
effective range of the Suhl-Nakamura interaction is comparable or smaller than the size of DE
regions.

Nanosized samples exhibit smaller Suhl-Nakamura contribution to the relaxation rate
than the sample with micrometric grains. This can be explained knowing that the
effectiveness of the S-N interaction depends on the number of nuclear spins, which precess at
or near the resonance frequency and this number can be smaller in samples with nanometric
grains. The obtained results of the DE line widths (given as full widths at half maximum)
from the Gaussian curve fits support this finding. The DE line of the S33 sample is the
broadest (the broader the resonance line - the less nuclear spins, which precess at or near the
resonance frequency). Similar observation was made for the nanoparticles of Lao;Sro3MnO;
[Savosta 2004]. The T,'(hop) is larger for S33, i.e. for sample with smallest grains (
T, " (hop) 01/100 ps™) than for samples S114 and SM (T, ' (hop) [01/260 ps™). This implies,
that in the sample with the smallest grains electrons and holes are moving slower, since
T," ~ T, [Savosta 2004], where Ty, is the correlation time of electron (hole) hopping
[Savosta 1999].

One can also notice that nuclear spin-spin relaxation times, T> of Mn measured at 0.5
T are considerably longer that those obtained at 0 T. The T- at 0 T lies in the range 25-30 Ms
for all samples (table 1) while at 0.5 T it amounts to 62 ps, 93 us and 86 ps for S33, S114 and
SM samples respectively. This fact is a result of the two factors. First, the contribution to the
spin-spin relaxation time from nuclei within domain walls (or domain wall like regions)
decreases and is later eliminated as domain walls (domain wall like regions) are removed by
the applied field [Leung 1977]. As was shown T for nuclei within domain walls is shorter
than for nuclei in domains. The second factor is the fact that the S-N interaction depends on
the external field, so that T increases as the external field increases [Hone 1969, Davis 1974].
This effect was observed in the manganese ferrite [Davis 1976] and in LaggPbo31MnO;
[Leung 1977].

5.2 Bilayered manganese perovskites, L.a,»Sr1:2Mn,0;
Before presenting the NMR results a closer look is given at the contribution to the

hyperfine field, B, called spin-dipolar field, B which is due to spins of electrons at
individual orbitals and is given by the formula:

S-d >

— [, r*=3(5, o7, |1, C
Bs—d:gs/’lB/‘lozElr £51 O)OE (3)

where g,=2.0023, S; is the spin of ith electron and T, is a unit vector along the leading vector,
r. This field can be computed by multiplying the above equation by the electron density,
p =W W, and integrating over the electron coordinates [Abragam 1970]. In the compounds
studied the Mn®* ion has four electrons in the 3d band in a high spin state, i.e. 3 electrons with
spin up on ty, orbitals and one electron with spin up on one of the two e, orbitals. Calculations
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of the spin-dipolar field, Bs_d at nucleus produced by a single electron occupying one of the
3d ey orbitals were carried out in the Mathematica program using numerical integration. The
results of calculations are presented in table 2.

Bg_, for e, orbital Table 2. Calculated values of the spin dipolar
[ direction 2y 22 2 hyperfine field B_, at Mn nucleus produced by a
single electron occupying one of the 3d e,
[100] 10,34T -10,34T |orbitals. The sign of the B,_, is taken with
respect to the direction [xyz] of the spin moment,

[001] -20,68T 20,68T ..

The frequency swept spectra of La;4Sr;sMn.O; (x=0.3) presented in Fig. 14 show that
the DE line reveals a minimum at its centre with increasing pulse spacing. This is related to
the frequency dependence of the spin-spin relaxation time T> which reveals a minimum at the
centre of the DE line. These two features result from the S-N interaction and were already
described in details.

Fig. 14. ®*Mn NMR spin echo spectra at 4.2 K at no

0. La Sr. MnO_(x=0.3) applied field of Lai4Sr16Mn,0O; (x=0.3) for different
iég 3 gN U a) ; pulse spacing. The solid lines at the bottom spectrum
7s5EF ] are Gaussian fits and the other lines are guides for
0z - 2 eyes only. The upper plot presents the frequency
ﬂ /\\ dependence of the spin-spin relaxation time with

_/' 17 \ error bars marked.

s WY =1s0ps

pannt® e ] The occurrence of a dip at the centre of the
%’ I \ DE line is not observed for LaSr.Mn,O;, i.e. x=0.5
51 ,/ L (Fig. 15b) and there is no minimum in the frequency
% I ‘./' Hm-::igtiw de.pende.nce of the T at the central fr.equenC}'f. Qn
N ", Mn* this basis we can conclude that the S-N interaction is
g Mn not effective in the x=0.5 doped compound and that
= ,,v “ { =8us the size of the DE regions is smaller than the
300 325 350 375 400 425 450 475 500 effective radius of the S-N interaction in this
Frequency [MHz] compound, which can be due to AF ordering within

the bilayer in this compound [Mitchell 2001]. On the
contrary, the size of the DE regions is much larger than the effective radius of the S-N
interaction in the x=0.3 compound. This means that the DE regions in the x=0.5 compound
are of a nanometer in size, whereas they are at least tens of nanometers in the x=0.3
compound. The strongest signal from the DE regions observed in the x=0.3 compound can be
due to its Mn**/ Mn*" ratio more preferable for DE interaction, but it can also be related to the
fact that in this compound magnetic moments are perpendicular to the bilayer plane, while in
the region 0.33 < x <0.5magnetic moments lie in the bilayer plane. This can correspond to
different magnetocrystalline anisotropy and/or to a difference of the DE integral.

For the compounds with x=0.4 and 0.5 one can notice that the DE line shifts towards
higher frequencies at the larger pulse spacing, which can be attributed to the anisotropy of the
effective field. Interestingly, for the x=0.3 compound such a behaviour is not observed,
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suggesting an isotropic effective field.
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Fig. 15. ®*Mn NMR spin echo spectra at 4.2 K and no applied field a) of La;,Sr;sMn,0-,
(x=0.4) for different pulse spacing and b) of LaSr,Mn,0O; (x=0.5). Arrows on the spectra of
both compounds for =30 ps indicate positions of the Mn?* lines. The upper plot presents
frequency dependence of T, with error bars marked. Solid lines are guides for eyes only.

The effective magnetic field at nucleus, Bef i.e. the total magnetic field experienced
by the nuclei of a “magnetic” ion at zero external magnetic field is a sum of the hyperfine
field, BHF resulting mainly from the spin and orbital moments of the electron within the ion
radius and the “local” field, B,DC. The local field includes the classical dipolar field (BD)
resulting from other magnetic moments in the sample, the demagnetising field, Edem related to
the macroscopic shape of the sample and the Lorenz field BLW . The BHF can be written as a
following sum:

B, =B
where BFermi is the Fermi contact field, Bs_d and Borb are contributions from the spin dipolar
interaction between the nucleus and the electronic spin and from the interaction between the
nucleus and unquenched orbital moment of the electron respectively. The last element is the
transferred hyperfine field, i.e. field produced by magnetic neighbours (ET ). The anisotropic
terms of the total magnetic field experienced by the nuclei are: Bs_d , Borb , BD and ET .

The spectra of the x=0.4 and x=0.5 compounds at short pulse spacing (Fig. 15), show
two Mn** lines. With increasing pulse spacing the Mn** line at the lower frequency disappears
and the one at the higher frequency stays at the longest pulse spacing used. The line which has
a shorter T, (lower frequency) is attributed to the domain wall centre and the line which has a
longer T- (higher frequency) is attributed to the domain wall edge, where the ionic magnetic
moments are within or close to the easy magnetisation direction (EMD) [Weisman 1973,
Davis 1976, Leung 1977]. The signal from domain wall centre corresponds to the ions with
magnetic moments along (or close to) the hard magnetisation direction(s) (HMD).

i +B5—d +Borb +BT (4)

Fermi



17

As the x=0.3 compound has the EMD along the c axis and with increasing doping the
easy axis changes to the easy plane (i.e. to the ab plane), the variation of resonant frequencies
can be attributed to the change in the EMD. Therefore we can conclude that the Mn*" line at
the lower frequency comes from ions which have their magnetic moments along the c axis
and the line at the higher frequency results from ions, which have their magnetic moments
within the ab plane. ~

Let us denote B;; and B, as the effective fields corresponding to the lower and the
upper resonance line, respectively. Using the equation 4 for the hyperfine field, BHF , one can
write the following vector sums:

Biff = BFermi + BT + BD + Borb + B[ffl] and (5)
Besz = BFermi + BT + BD + Eorb + BEI,OAOJ > (6)

where the superscript in the B_  indicates the spin dipolar field produced by electrons of
Mn*" ions with magnetic moments along the ¢ axis ([001]) or within the ab plane ([100]).

One can group contributions to effective fields Belf and Besz into isotropic and
anisotropic parts. The isotropic part is BFermi , which can be estimated for Mn** knowing that
for manganese it is proportional to the spin moment of the parent ion at —10 T/ [Asano
1987]. With 4 electrons on the 3d orbital in a high spin state Mn*" has the theoretical spin
moment of 4 Ug, so the core polarisation contribution to the hyperfine field of 40 T is
expected, which corresponds to the resonant frequency of 422 MHz. As was already
mentioned in this chapter, anisotropic contributions are Bs_d, éorb, ]§D and BT. The large
anisotropy of the Mn*" ion effective field observed cannot be explained solely by the
anisotropy of the local contribution of dipolar fields (ED) from magnetic neighbours. This
anisotropy was found to be less than 0.2 T in the compound studied, whereas the observed
anisotropy of the Mn** effective field is of 2 T. Also the anisotropy of BT is the most likely
smaller. For example, in the iron garnet the anisotropy of Fe®* at the distorted octahedral
position was found to be of 0.2 T [Stepankova 2000]. Therefore the observed Mn*" effective
field anisotropy has to originate from the anisotropy of the Eorb and/or Es_d .

The orbital field, Borb results from an unquenched orbital moment, which was
confirmed to be nonzero in cubic manganese perovskites both by theoretical calculations (for
LaMnO; compound) [Solovyev 1997, Radwanski 2004] and experimentally by means of X-
ray circular dichroism (for the series of Sr doped cubic perovskites) [Koide 2001]. The
experimentally obtained values of the orbital magnetic moment were up to 0.13 ug (for
Lao67Sro33Mn0Os) and that theoretically calculated for LaMnO; was of 0.24 [ [Radwanski
2004]. From polarized neutron diffraction results on the La;,Sr;sMn.O; compound the orbital
moment was derived to be of 0.35 pg at 100 K [Argyriou 2002].

Assuming that the hyperfine field anisotropy comes solely from the anisotropy of the
orbital moment and following Streever’s calculations [Streever 1978, 1979] we obtained
equation 7 which allowed us to derive the value of the orbital magnetic moment anisotropy:

x4 £l — <l %)
2,LB(<r _3>(a-u-)_3
where AH,;; is the difference between values of the observed effective fields for Mn*" (in cgs
units), <r‘3> is the average reciprocal cube of the radius of the 3d orbital, which amounts to
4.7897 [Watson 1963] and [a.u.] is the atomic unit. The obtained value of the orbital
magnetic moment anisotropy, Ay, for x=0.4 and x=0.5 compounds is close to 0.04 Ys. Taking
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the value of the spin-orbit coupling energy Eso=ALS, with A={/2S ({=46 meV [Van der Laan
1991] and S=2, for Mn*" in the high spin state) one obtains Eso of order of 107 erg/cm® while
the observed magnetocrystalline anisotropy is of order of 10° erg/cm® [Renard 2003]. Thus,
the observed anisotropy of the Mn>* hyperfine field can not be attributed to the anisotropy of
the orbital moment, which would correspond to unphysically high magnetocrystalline
anisotropy.

Therefore, the main contribution to the hyperfine field anisotropy has to arise from
Es_d , which is given by the equation 3 and calculated for the electrons on the 3d orbital of the
Mn ion (table 2). Assuming that the occupancy, a of the x* — y*or 3z% —r? orbitals in all the
Mn®" cations is the same and only the orientation of the magnetic moments varies from along
the ¢ axis to within the ab plane, this different orientation would result in an anisotropy of the
spin dipolar field produced by the e, electron. If we have two partly occupied 3d e, orbitals
one can write the following expression for Bs_d produced by an electron on these orbitals:

[100] — x*-y? 32 -r?
le_d _aB[looiv +(1—O')B[100] 001 (8)
Similar equation can be written for B_ ~. Assuming the hyperfine field anisotropy as
originating solely from the B_, the AB,; can be obtained as:
ABeff =0’Bﬁo&y +(1—G)B[31f)07 _\UB[T)OH +(1_a)3[3)201;r J (9)

Then one can easily derive o as:

3z%-r? 3z%-r?
a= ABeff 100] + 001] (10)
sz_yz _ 3222 _ Xz_yz + 37212
[100] 100] B[OOl] 001]

For the x=0.4 compound one obtains a=0.48 and for x=0.5 a=0.46), which indicates a
slightly higher occupancy of the 3z® —r? orbital than the x* -y® one. This finding does not
agree with the results derived from magnetic Compton profiles [Li 2004], where at low
temperatures @ for compound x=0.4 was found to be of 0.78. One has to note that our
calculation uses a value of the Bs_d obtained for electrons in a free ion, not in the crystal.
Moreover, as was mentioned earlier, there are also suggestions in the literature that the
3z —r? orbital can have its occupation larger than the x* - y* one [Argyriou 2002].

Unlike low Sr doped samples (0.3< x<0.5) of bilayered manganese perovskites
presented above, which were prepared as single crystals and were afterwards powdered,
higher Sr doped compounds (0.5 < x <1) discussed in the section below, were prepared as
powders by the solid state reaction method. Also all the results presented above were carried
out on the spectrometer in Krakéw and the results presented below on the Bruker Avance
NMR spectrometer in Prague.

Fig. 16 presents normalised *>Mn zero field NMR spin echo spectra at 4.2 K of
Lay2xSr142xMn,07 (for x=0.5, x=0.62 and x=0.68) compounds. For samples with x=0.5 and
x=0.62 the spectra presented are envelopes of several frequency swept spectra with excitation
conditions optimal for several frequencies in order to take into account the possible
differences in excitation conditions and also to reduce the influence of standing waves in the
transmission line. For the sample with x=0.68 two spectra are presented. The spectrum plotted
with the solid line is an envelope of two measurements with optimal excitation conditions at
335 MHz (Mn** in FMI regions) and 380 MHz (the DE line). The spectrum plotted with
dashed line is obtained for optimal excitation conditions at 290 MHz (Mn** in AFI regions).
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Fig. 16. >>Mn zero field NMR spin echo spectra at 4.2 K

250 300 350 400 450 500 of LayoSri+2Mn,0; (for x=0.5, x=0.62 and x=0.68).
Abbreviations used 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), FM DE (Mn*"*
ions in ferromagnetic metallic regions where the double
exchange interaction is effective).

Starting from x=0.5 we see that the spectrum
presented in Fig. 16 is different from the spectrum for
sample of the same doping, but prepared as single crystal
and powdered afterwards (see Fig. 15b, the bottom plot
for pulse spacing 10 ps). Let us analyse possible reasons
of observed differences. First of all, the preparation

250 300 350 400 450 500 process of both samples is different, also some
Frequency [MHz] differences in the frequency response between the two
spectrometers used, i.e. the Bruker Avance spectrometer
in Prague and the spectrometer in Krakow cannot be excluded. Despite differences in relative
intensities of observed resonance lines of both spectra, for both samples the same lines are
observed i.e. the line arising from Mn* ions in FMI regions, the DE line and the line
originating from Mn** ions in FMI regions due to the phase segregation in the compounds
studied. For x=0.5 Sr doped sample prepared as a powder (results presented in this chapter)
these lines are observed at 329.47 MHz (31.23 T), 375.85 MHz (35.63 T) and above 400
MHz for the FMI Mn** line, the FM DE line and FMI Mn** signals, respectively.

In the x=0.62 compound, besides lines observed for x=0.5, i.e. the Mn*" line in FMI
regions at 330 MHz, the DE line at 378 MHz and weak signals from Mn** ions in FMI regions
above 400 MHz, an additional line centred at 284 MHz is observed. In the literature
presenting the *®Mn NMR results on manganese perovskites the lines below 300 MHz are
ascribed to the Mn ions in antiferromagnetic insulating (AFI) regions [Allodi 1997, Kapusta
2000, Savosta 2000]. The resonant frequency and corresponding effective field, B,; is lower
in the case of the antiferromagnetic neighbourhood, because the sign of the transferred
hyperfine field depends on the orientation of neighbouring spins, therefore the effective field
for AF coupled neighbours is of opposite sign compared with that in the FM neighbourhood.
This can be seen, if one writes the formula for the effective field in the following way:

B!, =27"gu3%4"<s">+231<5f>ﬁ+30
J

where <Si> and <5 J > are on-site and nearest neighbour electron spins, A’ and B are respective
hyperfine couplings and B, is the external field.

The distinction, which line is due to antiferromagnetic or ferromagnetic structure is
not trivial, however it is possible with the measurements in the applied magnetic field. As was
already mentioned, if spins are coupled ferromagnetically, the resonant frequency shifts

x=0.5

Normalised echo intensity [arb. units]

(11)
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towards lower frequencies due to the fact that the hyperfine field is dominant and antiparallel
to the manganese moment. On the contrary, for an antiferromagnet with a low
magnetocrystalline anisotropy, or easy magnetisation direction of the easy-plane type, as
expected for the compounds in the doping range 0.5 < x <1, the sublattice magnetizations will
tend to align perpendicularly to the applied field because the perpendicular susceptibility is
larger than the parallel one. Hence, the resonant frequency corresponding to the effective
field, which is a vector sum of the hyperfine field and a much smaller applied field, changes
only a little comparing to that at no applied field [Allodi 1997]. In such a situation the AF line
only broadens without noticeable shifting in frequency [Allodi 1998].

Fig. 17 presents field measurements of Lao76Sr224Mn,07 (x=0.62) compound at 0 T, 1
T and 1.5 Tesla at temperature 4.2 K. As expected for the signal from the
antiferromagnetically ordered magnetic moments the line at 284 MHz does not shift in the
applied field in contrast to the DE line at 378 MHz which shifts towards lower frequencies as
expected for the ferromagnetically ordered moments. The resonant frequency of the DE line
shifts to 367 MHz at 1 Tesla which agrees well with the value of the gyromagnetic ratio of
**Mn, which is 10.553 MHz/T (11 MHz drop corresponds to decrease of the effective field by
1.05 T). The Mn* FMI line also shifts to lower frequencies in the applied field but due to its
overlapping with other lines one can not determine its exact shift in applied field.

Fig. 17. The *Mn NMR spin echo spectra

225 250 275 300 325 350 375 400 425 450
T : : T : : : . : at 4.2 K fOl" Lao_7GS]f‘2,24MDQO7 (X:062)
S - at 1.5 Tesla
,,,,,, of 1 Tesla compound at 0 T, 1 T and 1.5 Tesla.
——at 0 Tesla

Second indication of the type of the
magnetic ordering is the comparison of the
enhancement factors, ). The enhancement
factor for an antiferromagnet, 4r (in the
most effective case: external field in the
225 2% 275 30 95 o 375 40 435 480 easy plane, sublattice magnetizations

Frequency [MHZz] perpendicular to the external field) is
typically between 10 and 100, which is few

Normalised echo itensity [arb. units]

orders of magnitude smaller than the enhancement factor for a ferromagnet, 7r. In the case of
the x=0.62 compound optimal excitation conditions for the DE line were: pulse length 1 ps
while for the AF line at 284 MHz pulse length used was 5 ps and pulse amplitude (which
corresponds to the rf field) was 10 times larger than for the DE line. Since the enhancement
factor is inversely proportional to the product of the optimal pulse length and radio frequency
field one obtains that s is of 50 times smaller than pe (the enhancement factor in the
ferromagnetically ordered DE regions).

One has to keep in mind that the enhancement factor in the ferromagnetic material is
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 ferromagnetically ordered domains
(smaller enhancement factor) can be excluded since in the applied field such line should also
shift towards lower frequencies, which is not the case.

In Fig. 16 also two frequency swept spectra for the x=0.68 compound are presented.
As was already mentioned the spectrum plotted with the solid line is an envelope of two
measurements with optimal excitation conditions at 335 MHz (Mn** in FMI regions) and 380
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MHz (the DE line). The spectrum plotted with the dashed line is for optimal conditions at 290
MHz (Mn*" in AFI regions). Separate spectra are presented due to much different optimal
excitation conditions (much different enhancement factors) and the overlap of the AFI and
FMI Mn** lines.

Fig. 18. The **Mn NMR spin echo spectra at 4.2 K of
LagsSr2sMn,07 (x=0.75) at 0 T (solid line), 1 T (dashed
line) and 2.5 T (dotted line) and of LagSr.sMn,0O;
(x=0.8) at 0 T (solid line) and 1 T (dashed line).

225 250 275 300 325 350 375

The *Mn NMR spin echo spectra of
Lao.ssrz.sMH207 (X:075) and Lao.ssrz.sMH207 (X:08) at
0 T and at the applied field 1 T and 2.5 T measured at
4.2 K are presented in Fig. 18. For both compounds at
no applied field only one line is observed, centred at
290 MHz and 287 MHz for the x=0.75 and x=0.8
compound respectively. Also in the applied field one
line is observed and it does not shift, which indicates
that the line is due to Mn*" in antiferromagnetically
ordered regions.

The enhancement factor for x=0.75 and x=0.8
compounds is smaller than for Mn** AFI line in x=0.62

Normalized echo intensity [arb. units]
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and x=0.68 compounds. Even with the first pulse of the spin-echo sequence 10 ps long and
300 Watt pulse amplifier, which was used for all measurements presented in this chapter,
carried out on the Bruker spectrometer in Prague, we were unable to reach maximum of the
signal versus pulse attenuation scan. This also influenced the quality of the frequency swept
spectra, due to a larger influence of the standing waves at the non-optimal excitation
conditions. Usually, at the applied field the optimal excitation conditions require more power
(and/or longer pulses), which in our case means that we are more away from optimal
conditions in the measurements carried out at the applied field than in the measurements at 0
T. The necessity for using very long pulses at the full power clearly indicates that the
enhancement factor 7 for x=0.75 and x=0.8 compounds is smaller that in the case of the AFI
line for x=0.62 and x=0.68 compounds. This indicates a more perfect AF order or/and a
higher magnetocrystalline anisotropy in the former compounds. In fact, this is consistent with
the magnetic structures determined by the neutron diffraction [Mitchell 2001]. The compound
with x=0.62 has ferromagnetically ordered planes coupled antiferromagnetically (4
neighbours FM coupled and 2 AF coupled), while x=0.75 and x=0.8 compounds have
ferromagnetically ordered "rods" (2 neighbours coupled FM and 4 AF coupled).

Both, the small enhancement factor and a lack of shift of the resonance line at the
applied field indicate that the observed signal is due to antiferromagnetically ordered regions,
similarly to the x=0.68 compound. Also magnetisation versus applied field curves were
measured and they did not show any ferromagnetic contribution.

We failed to observe any NMR spin-echo signal from the x=1 compound (all Mn next
neighbours coupled antifferomagnetically). Attempts in the frequency range 200-350 MHz
with excitation conditions similar to those used in the case of x=0.75 and x=0.8 compounds
both at no applied field and at 1 T did not succeed and no spin echo signal could be observed.
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6. Conclusions

The >*Mn and “*°La NMR study of “cubic” and bilayered perovskites doped with Sr or Ca,
which exhibit ferromagnetic insulating/metallic or antiferromagnetic insulating behaviour,
lead to the following findings:

* The phase segregation is observed in all the compounds studied and it does not depend
on the dimensionality of the compounds and the type of dopant (Sr or Ca). It appears
on both sides of the phase diagram, below x=0.15 Sr doping (in “cubic” perovskites)
and above x=0.5 (in bilayered perovskites). It is observed in the >>Mn spectra as well
as in the *°La spectra of low doped “cubic” compounds.

e Temperature measurements of Lagg7sSr012sMnO3; compound reveal that ferromagnetic
metallic regions exist above the bulk T¢ indicating existence of ferromagnetic polarons
above this temperature. They also reveal that the magnetic coupling in the FMI
regions is weaker than in the FMM ones.

e The Mn* signals range from below 300 MHz in the case of Mn*" ions ordered
antiferromagnetically, to 330 MHz for Mn* ions in FMI regions.

e Multi-line signals are observed for Mn** ions, indicating their considerable hyperfine
field anisotropy. They range from 400 MHz to 550 MHz. In bilayered perovskites (for
compounds with 0.35<x<0.5) the occupation of 3d e, orbitals was derived from the
hyperfine field anisotropy and a higher occupation of the 3z®—-r?orbital was
concluded.

» The frequency swept spectra and the frequency dependence of the spin-spin relaxation
time of the LaogsSro.1sMnO; compound at 4.2 K and at 77 K show the influence of the
Suhl-Nakamura interaction between **Mn nuclear moments within the DE-driven
metallic-like regions. These regions in LaggsSro1sMnO; are found to be larger than
10 nm in size while in Lagg7sSro.1sMn0O5 they are smaller.

* Nanoparticle powders of Lag75Sr2sMnOs show a degradation of magnetic properties
with decreasing of the average grain size. Signals from ferromagnetic metallic grain
interiors and ferromagnetic insulating outer layers of grains are identified.

* In heavily doped bilayered perovskites with 0.5<x<0.68 signals from both
antiferromagnetic and ferromagnetic regions are observed, also in the compound with
no long range magnetic order (x=0.68). For compounds with x=0.75 and x=0.8 only
signals from antiferromagnetic regions are detected. Also magnetisation measurements
show no ferromagnetic contribution in these two compounds.
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