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Abstract

The dependence of the '**La nuclear magnetic resonance (NMR) spin-echo
signal on temperature and on the power of the applied radio-frequency pulse
is investigated in zero applied magnetic field in Lag;Cag3Fep0oMngg;O3
(LCFMO) with Curie temperature (7¢) of about 125 K. Plots of the spin-echo
signal versus the NMR pulse power reveal two maxima, out of which the high-
power component is observed up to temperatures above T¢. It is also found
that while the temperature dependence of the NMR signal amplitude follows
the value of static magnetization M(T'), the NMR frequency, which is related
to the local field at La positions, decreases only slowly and the '*La NMR
signal is preserved at least to 220 K. These results confirm the existence of large
ferromagnetic clusters with long life-times above T¢ in LCEMO.

1. Introduction

According to a common point of view, the substituted manganites are intrinsically
inhomogeneous, containing a number of nanoscale parts such as droplets, domains, clusters,
polarons etc [1]. Various theoretical models and experimental results have been proposed
for explanation of the origin of the clusters, their size, magnetic properties and other
parameters [1-4]. For example, the reported size of the inhomogeneities varies between
1 nm [2] and 500 nm [3] and no magnetic correlations were found in the Lag7Sr)3MnO;
(LSMO) system [4]. Only a few experimental methods, such as small angle neutron scattering
(SANS), transmission electron microscopy (TEM) and scanning tunnelling microscopy
(STM) [5] allow direct detection of nanosize inhomogeneities or clusters in solids. Zero field
nuclear magnetic resonance (ZF NMR) is a variant of NMR techniques for investigation of the
magnetically ordered state without applying an external magnetic field due to the presence of a
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strong local field, mainly hyperfine in origin. ZF NMR is a probe for any atom with unpaired
electrons keeping the orientation of their magnetic moment (spin) during a time-period much
longer than the nuclear relaxation time, i.e. this method can be applied for investigation of
magnetically ordered states or long living magnetic clusters. Thus detection of ZF NMR for
139La or some other nucleus of nonmagnetic atoms can be used for unambiguous confirmation
of ferromagnetic (FM) order as the local hyperfine field at the '3°La nucleus is a sum of
transferred fields from the nearest manganese ions and decreases close to zero if those atoms
have antiferromagnetic (AF) order.

In addition to the spectrum and its centre frequency, corresponding to the magnitude of
the field, another parameter, dependence of the NMR signal intensity on the amplitude of the
applied radio-frequency pulse, reflects local magnetic properties of the material, namely the so-
called enhancement factor, depending on the magnetic and crystalline structure and existence
and mobility of domain walls (DW).

The ZF NMR technique is widely used for investigation of local structure and magnetic
properties of various magnetics including the substituted manganites (see [6—13] and references
therein). In particular, this technique was used in order to detect FM clusters in AF surroundings
in manganites [10-13]. However, only a few attempts were made to detect FM clusters above
the bulk Curie temperature 7, i.e. in the paramagnetic phase using >>Mn NMR [14, 15].
In a few spin-glass systems, clusters were observed [14] but on the other hand no %Mn
NMR signal above T¢ was detected for either Lag7Cag3MnOs [14] or for iron substituted
Lag7Cap3Fep03Mng.9705 [15]. However, as can be concluded from current models [1-3, 16],
inhomogeneities above Tc may have a key role in explaining the physical origin of the CMR
(colossal magnetoresistance) effect.

As found in measurements of the magnetization, M(T), in Lay7Cag3Fep09Mng9;O;
(LCFMO) [17], partial substitution of manganese by iron in Lag;Cap3MnO; (LCMO) leads
to a decrease of T¢ and transforms the material to a cluster-glass like state. In particular for
LCFMO, T¢ decreased from 258 K down to 125 K. In this paper we report the existence of
long-living FM clusters far above Tc in LCFMO, as observed by ZF '*La NMR measurements.

2. Experimental procedures

The Lagy 7Cag 3Fe 09Mng 9; O3 sample used in this work has been described earlier [17]. In order
to avoid possible ageing effects, x-ray diffraction measurements were repeated and according
to them the sample was of single-phase, keeping its structure as was described before [17].

Experiments were carried out with the Bruker MSL300 pulsed NMR spectrometer. '3°La
NMR signals were detected in zero external magnetic field by the spin-echo method using
a conventional pl-t—p2 sequence with p2 = 2pl, a pl pulse length of 0.8 us and t
between 20 and 40 us. A spin-echo spectrum was obtained as a frequency dependence of
the echo amplitude. The resonance circuit was tuned at every frequency. The sensitivity of
the spectrometer was calibrated at different frequencies by using a proton sample and a Bruker
electromagnet. The ringing of the p1 pulse was cancelled by subtracting the signal without the
p2 pulse, and the ringing of the p2 pulse by phase cycling.

3. Experimental results

In figure 1 a few '*La ZF NMR spin-echo spectra are shown at different temperatures. The
most important feature of these spectra is that the lanthanum NMR signal does not disappear
at Tc = 125 K but remains detectable at least up to 220 K. One may expect that the spin-echo
signal would be present up to 7c = 258 K of undoped Lay 7Cap3MnO; [17], but unfortunately
above 220 K the NMR signal became practically impossible to detect due to the extremely low
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Figure 1. Frequency dependence of the '’La ZF NMR spin-echo signal observed for
Lag7Cag3Fep.00Mng.9105 at T = 120, 135, and 160 K.
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Figure 2. Power dependence of the 1391 spin-echo signal for Lag 7Cag 3Feo 09Mng.9;O3. The data
in the upper panel give the signal amplitude in zero field below (78 K) and above (180 K) the Curie
temperature 7c = 125 K. In the lower panel the amplitudes of the spin-echo signal are given at
4.2 K in zero field and in the applied field By = 0.1 T.

signal intensity. The centre frequency of the spectrum in figure 1 is shifted to lower frequencies
only slightly when the temperature is increased, while the intensity of the signal decreases
strongly. In addition to the frequency dependence, we measured at different temperatures the
dependence of the amplitude of the spin-echo signal, A, on the amplitude of the applied radio-
frequency pulse, p.

The results in figure 2 show the existence of two maxima in this dependence observed in
zero applied field at 4.2 and 78 K. However, at 180 K the shape of this curve is quite different

3



J. Phys.: Condens. Matter 19 (2007) 226209 V V Matveev et al

100

Normalized value (%)

T
80 120

T T T
160 200 240
Temperature (K)

Figure 3. Temperature dependence of '3°La spin-echo ZF NMR signal amplitude, A (closed
circles), the central frequency of the NMR spin-echo spectrum, fy (open circles), proportional to the
magnetization m of a cluster, and the bulk magnetization, M (T') (solid curve), all three parameters
being normalized against their values at 78 K. The value of A is additionally corrected taking into
account the 1/ 7T dependence of the nuclear magnetization.

because the low-power part disappears. In figure 3 the NMR data are compared with the results
of the static magnetization measured in the same sample [17].

4. Discussion

Observation of the NMR signal up to at least 7/ 7T¢c = 1.8 in figure 3 means that ferromagnetic
short-range cluster-glass like order in our LCFMO sample is preserved far above T¢. Therefore,
our results give direct experimental confirmation of FM clusters in the LCFMO sample. This
observation supports strongly the interpretation of the data of magnetization measurements in
the same sample analysed on the basis of a cluster-glass model [17].

In relation to the lifetime of clusters, it is necessary to emphasize that the observation
of spin-echo requires a local field where the nuclear magnetization develops in a time longer
than the spin—lattice relaxation time 77 which, in any case, is not shorter than the spin—spin
relaxation time T». For the °La NMR signal 73 is about 1 ms at 180 K and this means that
the clusters have a long lifetime—not less than a few milliseconds—pertaining to quasistatic
agglomerations which cannot be identified as dynamical quasi-particles or polarons.*

It is evident that the existence of two maxima in the dependence of the spin-echo signal
amplitude on the applied pulse amplitude in figure 2 corresponds to two lanthanum positions
with different magnetic properties. As these positions are not distinguishable by frequency but
have strongly different dependence on the pulse amplitude, A(p), it is reasonable to ascribe

4 One should emphasize that sometimes the lifetime of the clusters is compared with the Larmor frequency of the
nucleus investigated—(see, e.g. [14]) but this is misleading as evident from comparison with Mdssbauer spectroscopy.
The well known characteristic time of Mossbauer experiments, 10~ s [18], corresponds exactly to the natural lifetime
of the excited state (natural relaxation time in Mossbauer spectroscopy) and is much longer than 10~!° s, which one
could calculate according to the inverse energy of the Mdssbauer transition, 14 keV [18].
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them to nuclei at domain walls (DW) and to those locating within domains of the sample. In
order to check this assumption we measured the A versus p at 4.2 K under a weak external
magnetic field of 0.1 T. Application of the magnetic field was found to decrease significantly
the low-power peak of the curve in figure 2 but did not influence its high-power part. This
confirms that the low-power maximum is caused by the nuclei at DW. Preserving of the domain
signal at 180 K as shown by open circles in figure 2 means the formation of single-domain FM
clusters above Tc = 125 K in the sample.

As the clusters are single-domain magnetic particles, their size should be limited between
a dimension defined by the ‘absolute quantum limit of magnetism’, QLM, and the size of the
largest magnetic domain. Unfortunately, as far as we know both values are not known exactly
for the manganites. As to magnetic domain size, there are estimations between 20 nm [19]
and a few micrometres [20] depending on the grain size of the material investigated. Also,
regarding the estimation of QLM, its value is of the order of 1 nm [21]. This means that the
reported size of the inhomogeneities, varying between 1 nm [2] and 500 nm [3], could agree
with our NMR data but we are unable to quote the exact cluster size at the moment.

The central frequency fp of the NMR spectrum decreases slowly with increasing
temperature. The signal intensity A at the same time displays a fast decrease, reflecting the
relative part of the material in the cluster state,

A x Ncl . Vcl’ (1)

where N is the number of clusters and V, is their average volume. Both values in the right
side of (1) may be temperature dependent. As far as A follows the magnetization curve when
the temperature is increased, one can conclude that the M (T) curve reflects more or less the
number of lanthanum ions in the clusters.

5. Conclusion

Summarizing, we have observed for the first time the ZF '*La NMR spin-echo signal far
above T¢ in Lag7Cag3Fepp9Mng9;O3. This signal can be connected to FM clusters in the
paramagnetic phase, giving direct experimental confirmation for the existence of a cluster-glass
like state in the substance. These clusters have lifetimes, not less than a few milliseconds and
cannot be identified as quasi-particles including magnetic polarons.
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