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Abstract
Polycrystalline La0.86Sr0.14Mn1−x Cux O3+δ (x = 0, 0.05, 0.10, 0.15, 0.20) manganites were
investigated by means of magnetic measurements and zero-field 139La and 55Mn nuclear
magnetic resonance (NMR) spectroscopy. Magnetization versus temperature measurements
revealed a paramagnetic to ferromagnetic transition in most samples, with lower Curie
temperatures and broader transitions for samples with higher Cu contents. The details of the
magnetization measurements suggested a phase-separated scenario, with ferromagnetic clusters
embedded in an antiferromagnetic matrix, especially for the samples with large Cu contents
(x = 0.15 and 0.20). Zero-field 139La NMR measurements confirmed this finding, since the
spectral features remained almost unchanged for all Cu-doped samples, whereas the bulk
magnetization was drastically reduced with increasing Cu content. 55Mn NMR spectra were
again typical of ferromagnetic regions, with a broadening of the resonance line caused by the
disorder introduced by the Cu doping. The results indicate a coexistence of different magnetic
phases in the manganites studied, with the addition of Cu contributing to the weakening of the
double-exchange interaction in most parts of the material.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The issue of phase separation in colossal magnetoresistive
manganites (compounds (R,A)MnO3+δ , with R—rare earth;
A—alkaline earth) has attracted great interest from the
scientific community in recent years. At present it seems to be
generally accepted that the establishment of an inhomogeneous
ground state is a general feature for many manganites and also
for other strongly correlated systems [1, 2], for a wide range
of compositions and temperatures. The evidence supporting
this scenario comes from several different experimental
methods, including conventional measurements of magnetic

4 Author to whom any correspondence should be addressed.

and transport property measurements as well as techniques
of a more local character such as neutron diffraction and
nuclear magnetic resonance (NMR), among others [2–7]. The
existence of minority phases dispersed in an overall matrix
with different electronic properties was first suggested for
interpreting the characteristics of materials in a magnetically
ordered state. At low temperatures, a heterogeneous magnetic
scenario was frequently invoked to account for some puzzling
properties of these systems, usually pointing to a spin-glass or
cluster-glass state [2, 3]. Also, recent results showed that even
above the magnetic ordering temperature there is compelling
evidence for the occurrence of a clustered state, with the
presence of short-range ordered ferromagnetic clusters leading
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to unusual properties for materials expected to be in an overall
paramagnetic state [5, 8–10].

Since the magnetic and electronic properties of mangan-
ites are essentially controlled by interactions between Mn ions
intermediated by O ions, an interesting way to better un-
derstand the intrinsic properties of manganese perovskites is
by substituting at the Mn site, usually with other transition
metal elements. Cu substitution has been particularly inves-
tigated due to its importance in the study of closely related
cuprate superconductors, and valuable information about struc-
ture, magnetic and transport properties has been obtained for
Cu-substituted manganites [11–15]. The substitution of Mn by
Cu is readily accomplished for Cu atomic contents of up to
60% [16, 17]. This substitution leads to a change in the rela-
tive fraction of different valence Mn ions, since the addition of
Cu2+ ions requires an increase in the fraction of Mn4+ ions in
order to preserve the charge neutrality [17].

The Cu for Mn substitution causes marked modifications
in the physical properties of manganites. The most immediate
effect is the disruption of the double exchange between Mn
ions, due to the presence of extraneous Cu ions. The
consequence is the weakening of the ferromagnetic character
of the material, which is reflected in the decrease of the
Curie temperature and eventually in the suppression of the
ferromagnetic order [11]. Also the transport properties are
changed, with formation of domains with enhanced electron
mobility as compared to other regions [12]. From the structural
point of view, the introduction of Cu ions in the crystalline
lattice leads to a steady decrease in the lattice parameters,
although no modification of the crystal symmetry has been
observed [16–18]. Other reported effects associated with the
Cu for Mn substitution are the increases in catalytic activity
in hydrogen oxidation processes [19] and in the magnitude
of colossal magnetoresistance [20, 21] and magnetocaloric
effect [10, 22].

This work aims to investigate the effect of Cu substitution
on the magnetic properties of La0.86Sr0.14(Mn, Cu)O3 mangan-
ites, both from bulk magnetization measurements and zero-
field NMR spectroscopy. Although, as mentioned above, many
structural and magnetic aspects associated with the Cu substi-
tution have already been fully discussed in previous works,
this is, to the best of our knowledge, the first detailed re-
port on combined 139La and 55Mn NMR measurements on Cu-
substituted manganites. With this approach, complemented by
the characterization of bulk magnetic properties, we achieve,
by using 139La and 55Mn nuclei as probes, detailed information
about the local magnetic aspects of the manganites studied here
and compelling evidence for the phase separation scenario for
these materials.

2. Experimental methods

Polycrystalline samples of La0.86Sr0.14Mn1−xCux O3+δ with
x = 0, 0.05, 0.10, 0.15 and 0.20 were synthesized by the usual
solid-state reaction technique, starting from stoichiometric
mixtures of La2O3, SrCO3, MnO2 and CuO powders. The
final sintering was performed in an oxygen atmosphere at
1400 ◦C for 30 min and this was followed by a period of

24 h at 1300 ◦C. Powder x-ray diffraction (XRD) showed the
formation of a rhombohedral R3̄M structure for all samples,
with decreasing unit cell volume and a small increase of lattice
distortion for samples with larger values of x . From the XRD
patterns, the values of the oxygen non-stoichiometry parameter
δ were estimated to be in the range 0.023–0.030 [18]. The
positive values of δ indicate the presence of cation vacancies
in the structure of the analysed compounds, associated with
the oxygen-rich atmosphere used in the syntheses [16].
Scanning electron microscopy images revealed homogeneous
microstructure in all samples, besides a trend for smaller
grains and larger porosity with increasing Cu content. Energy
dispersive x-ray spectrometry (EDS) showed local atomic
contents in accordance with the nominal values. Further details
on synthesis and structural characterization of these samples
are reported elsewhere [18]. The magnetization measurements
were carried out using a vibrating sample magnetometer in the
temperature range from 4.2 to 300 K with magnetic fields up to
25 kOe. Both zero-field-cooling (ZFC) and field-cooling (FC)
cycles were recorded. Zero-field 139La and 55Mn NMR spectra
were recorded point by point using an automated pulsed
NMR spectrometer from the spin-echo intensities measured at
varying frequencies, with no external applied magnetic field
and at a fixed temperature (4.2 or 77 K). Typically, the pulse
lengths were 1–2 μs and the pulse spacing was around 2 μs for
55Mn and 25 μs for 139La NMR measurements.

3. Results and discussion

3.1. Magnetic measurements

Figure 1(a) shows the temperature dependence of the DC
magnetic susceptibility, obtained from the FC magnetization
measured at low fields (200–400 Oe). The curves for the
samples with x � 0.15 show a well defined paramagnetic (PM)
to ferromagnetic (FM) transition on cooling. The sample with
x = 0.20 exhibits a distinct behaviour, showing a much slower
increase of the magnetization with decreasing temperature
and a reduced magnetic moment at low temperatures. A
slight drop in the magnetization for the samples with x =
0.15 and 0.20 can also be observed at temperatures below
about 45 K, suggesting the possibility of antiferromagnetic
(AFM) ordering (at least in some regions of the material)
around this temperature. The trends of reduction in the Curie
temperatures, broadening of the transitions and decrease in
the magnitude of the magnetization at low temperatures for
samples with increasing Cu contents are in general agreement
with previous works on Cu-substituted manganites [11, 23, 24].

From the data presented in figure 1(a), the following
temperature values were obtained: the onset temperature
for magnetic ordering (T on

C ), determined from the point of
intersection with the temperature axis of a tangent line traced
at the point of maximum inclination of the χDC × T curve;
the peak temperature for magnetic ordering (T pk

C ), determined
from the peak in the dχDC/dT × T curve; and the Curie–Weiss
temperature (TCW), obtained by applying the Curie–Weiss law
to the high-temperature χDC × T data. All these values are
given in table 1. The difference between T on

C and T pk
C reflects
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Figure 1. (a) Temperature dependence of the DC magnetic
susceptibility for the samples with the indicated Cu contents.
(b) ZFC and FC magnetization curves obtained for two typical
samples with low applied magnetic fields (200 and 300 Oe for the
samples with x = 0 and 0.15, respectively).

the broadening of the magnetic transition and is therefore
related to the degree of magnetic disorder or inhomogeneity
in a given material. As can be seen in table 1, this difference
is larger for all Cu-containing samples as compared to the
undoped sample. Also, the values of T on

C − T pk
C are roughly

constant (around 15 K) for the samples with x = 0.05–0.15,
but the value corresponding to the sample with x = 0.20 is
still larger (37 K). On the other hand, the extent by which TCW

is greater than T on
C is usually interpreted as an indication of

the existence of short-range ferromagnetic correlations in the
paramagnetic regime. Once more, the values of TCW − T on

C are
roughly constant (15–19 K) for the samples with x = 0.05–
0.15. This value is much higher than the ones found for both
the undoped sample (4 K) and the sample with x = 0.20 (1 K).

It is worth mentioning that the TC values reported
for the samples analysed in the present work (including
the x = 0 sample) are somewhat lower than the values
expected based on the well-established phase diagrams for
(La, Sr) manganites [25, 26]. This effect can be understood
considering that the actual physical properties of a given

Table 1. Magnetic transition temperatures for samples with the
indicated Cu contents (see the text for definitions).

x Tirr (K) T pk
C (K) T on

C (K) TCW (K)

0 120 127 135 139
0.05 95 111 126 144
0.10 77 98 113 132
0.15 57 82 99 114
0.20 38 46 83 84

manganite sample are greatly affected by the conditions
of preparation, which influence the occurrence of oxygen
non-stoichiometry, cation vacancies, local structural defects,
etc [27–29]. All these effects can contribute to the low values
of the Curie temperatures and broad magnetic transitions,
especially considering that the compounds analysed here are
in the region of the phase diagram of the (La, Sr) manganites
where the TC values present the steepest variation with the Sr
atomic content [25]. Nevertheless, this does not invalidate the
analysis of the effect of the Cu substitution, which is the main
focus of the present work, since all samples were prepared
under the same operational conditions and, as shown before,
a systematic effect caused by the Cu substitution was readily
observed in the magnetic properties of the analysed samples.

All these samples, including the undoped one (x =
0), show thermal hysteresis when ZFC and FC cycles are
compared, as shown in figure 1(b) for two typical samples.
Such behaviour—which could be masked by the use of higher
magnetic fields—is known to occur in various different classes
of magnetic materials, including ferromagnetic materials
with large magnetocrystalline anisotropy, nanoparticles, spin
glasses, cluster glasses, etc [3, 20, 30–33]. In the case of the
manganites analysed here, the thermomagnetic irreversibility is
more likely to be related to the formation of a clustered state at
low temperatures, as also suggested by the other experimental
evidence discussed below. The values of the irreversibility
temperature (Tirr), defined as the temperature below which the
FC and ZFC magnetization curves start to separate, are also
given in table 1 for each sample.

Figure 2 shows the field dependent magnetization curves
at fixed temperature (4.2 K) for the La0.86Sr0.14Mn1−xCux O3+δ

samples. The results clearly indicate that samples with x �
0.15 are typical ferromagnets, for which the magnetization
shows a sharp increase followed by an approach to saturation
(which is not reached for the range of magnetic fields employed
here). The behaviour observed for the x = 0.20 sample
is somewhat different, with a much slower increase of the
magnetization with the applied magnetic field (in agreement
with the reduced magnetic susceptibility shown in figure 1(a)).
The magnetization curve of this sample suggests a small FM
component also in this composition, in agreement with the
positive TCW value obtained for this sample (see table 1).

The values of the saturation magnetization MS, obtained
by extrapolating the linear part of the M × H −1 curves to
H −1 = 0, are shown in table 2. For all samples MS

is much smaller than Mmax
S , the expected value calculated

considering spin-only contributions from Mn3+, Mn4+, and
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Figure 2. Field dependence of the magnetization recorded at 4.2 K
for the samples with the indicated Cu contents.

Table 2. Magnetic data for samples with the indicated Cu contents
(see the text for definitions).

x

MS

(μB/Mn
site)

Mmax
S

(μB/Mn
site)

MS/Mmax
S

(%)

μeff

(μB/Mn
site)

μcalc

(μB/Mn
site)

0 1.99 3.80 ∼52 5.7 4.69
0.05 1.79 3.60 ∼50 4.7 4.48
0.10 1.43 3.40 ∼42 5.4 4.28
0.15 1.20 3.20 ∼38 6.2 4.07
0.20 1.19 3.01 ∼40 6.6 3.87

Cu2+ ions [17, 34] and also taking into account the small
contribution due to the oxygen non-stoichiometry. This
discrepancy also suggests the presence of FM clusters
embedded in a non-ferromagnetic matrix as responsible for
the magnetization values attained in high magnetic field. It
is interesting to note that this seems to be true even for the
undoped (x = 0) and the low-doped (x � 0.10) samples,
indicating that the establishing of an overall inhomogeneous
state is a general feature found even in the absence of Cu
substitution. This effect is obviously enhanced by the disorder
caused by the presence of Cu atoms, as can be seen by the
reduced MS/Mmax

S ratios of the samples with x = 0.15 and
0.20.

The formation of FM clusters is also corroborated by the
analysis of the values of the effective magnetic moment (μeff)

in the paramagnetic state, which are also given in table 2.
These values were determined from the slope of the high-
temperature χ−1

DC × T curves, shown in figure 3 for the samples
with x = 0 and 0.15. The calculated values (μcalc) considering
the spin-only contributions discussed above are also included
in table 2. It can be clearly seen that the μeff values are
systematically higher than μcalc, and the difference is greater
for the samples with x = 0.15 and 0.20. This strongly suggests
the occurrence of FM clusters in the paramagnetic regime for
all samples [26], and it is clear that this effect is accentuated by
the Cu for Mn substitution.

Figure 3. Temperature dependence of the inverse of the DC
magnetic susceptibility for the samples with the indicated Cu
contents, with the corresponding linear fittings. Also shown are the
plots of the effective magnetic moments in the paramagnetic state
(dotted lines are guides for the eyes).

It is worth commenting that the behaviour of the χ−1
DC ×

T curves above TC is not perfectly linear, especially in the case
of the samples with higher Cu contents. This can be seen also
in figure 3, where one includes the plots of the values of μeff

obtained by fitting the χ−1
DC × T curves in small temperature

intervals (around 7 K). A progressive drop of μeff can be
observed above TC, but the slow asymptotic decrease suggests
that the highest temperature employed in these measurements
is not enough for the attainment of a truly linear behaviour.
This is in agreement with previous works on manganites
presenting a clustered state as a consequence of chemical and
structural disorder induced by cation substitution [9].

3.2. 139La NMR spectra

Zero-field 139La NMR signals have been detected in the 18–
25 MHz range at 4.2 K for all samples; the spectra are shown
in figure 4(a) for the samples with different Cu contents.
The main peaks in these spectra are found near 22 MHz
(corresponding to a hyperfine field around 3.7 T), and their
linewidths are about 1 MHz. The most remarkable feature of
these spectra is the observation of resonance lines with similar
shapes and at the same frequency range for all samples, in
spite of their very different bulk magnetic behaviour discussed
before. The central line at about 22 MHz observed for all
samples is associated with the response of 139La nuclei in
a FM environment. As the La3+ ions are non-magnetic,
the 139La NMR frequency reflects the transferred hyperfine
field Bhf, from neighbouring Mn ions (with the most relevant
contribution coming from the eight nearest neighbours). In a
perfect AFM environment the resultant Bhf is close to zero,
and zero-field 139La NMR lines associated with an AFM phase
are not usually observed (or, if so, they would be observed
at much lower frequencies) [6, 35, 36]. Therefore, one can
associate all NMR spectra shown in figure 4(a) with a FM
phase. In contrast to the magnetization results, the spectra
features do not show significant variations with the increase
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Figure 4. Zero-field 139La NMR spectra of the manganite samples recorded at 4.2 K (a) and Cu content dependence of the (b) central peak
frequency, (c) rhombohedral angle of the unit cell and (d) lattice parameter of the rhombohedral unit cell. The solid lines in (a) indicate
Gaussian fittings and the dotted lines in (b)–(d) are guides to the eyes. Data for structural parameters are taken from [18].

in Cu content, indicating similar FM regions in all samples.
This finding is most striking for the x = 0.20 sample, which
presents a magnetic behaviour very different from those of the
other samples, as can be seen in figures 1(a) and 2.

As discussed before, the magnetic results for this sample
suggest the establishment of FM clusters dispersed in an AFM
matrix. In this scenario, the NMR signals detected are solely
due to the FM minority phase, which explains the similarity
in the spectral features observed in the 139La NMR spectrum
of this sample compared to the others. These FM clusters
represent a minor contribution to the bulk magnetization data
previously discussed. However, as the NMR signals due to
non-ferromagnetic phases are not detectable in zero-field 139La
NMR, the spectra shown in figure 4 are only due to the
minor FM contributions, thus evidencing the inhomogeneous
character of the Cu-substituted manganites.

A more detailed analysis of the value of the peak
frequency reveals a small and smooth displacement of the
central peak as a function of x (figure 4(b)). This feature

can be associated with slight structural changes caused by the
Cu for Mn substitution [18], as shown in figures 4(c) and (d).
As mentioned above, the 139La NMR frequency in zero-field
measurements is dictated by the magnitude of the transferred
hyperfine field, from neighbouring Mn ions, which depends on
the overlap of the Mn t2g orbitals with the on-site La s orbitals,
mediated by p oxygen orbitals [6]. Assuming an isotropic
hyperfine coupling and disregarding the small deviation from
cubic symmetry [36], this magnetic field can be simply written
as Bhf = A〈S〉, where A is a constant (related to the constant
of hyperfine coupling between the electronic magnetic moment
of Mn ions and the 139La nucleus) and 〈S〉 represents the
mean electronic spin value of the eight Mn ions closest to a
given 139La nucleus [6, 36]. The decrease of the Mn–O bond
length with increasing Cu content, reflected in the shortening
of the rhombohedral lattice parameter a (figure 4(d)), leads to
an increase of the hyperfine coupling, implying higher values
of Bhf and thus higher peak frequencies. However, for the
samples with x = 0.15 and 0.20, the observed increase in
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the distortion of the rhombohedral structure (figure 4(c)) can
cause a decrease in the value of A, lowering Bhf in these
two samples. Similar trends for changes of zero-field 139La
NMR frequencies as a function of variations in the structural
parameters have been reported for other manganites (without
Cu doping) [6, 37].

Another interesting feature of the 139La NMR spectra
shown in figure 4(a) is the observation of satellite lines on
both sides of the central maximum. The exact nature of these
extra peaks is not clear, and the low signal-to-noise ratio of
the spectra makes it difficult to extract further information
about them. It is worth noting, however, that 139La is a
quadrupolar nucleus (spin 7/2), and therefore it is possible
that the satellites are due to a coupling of the nuclear electric
quadrupole moment of 139La with the electric field gradient
(EFG) at the nuclear position. The EFG should be zero for
an ideal perovskite structure, but the lack of cubic symmetry in
the rhombohedral structure can clearly lead to a non-zero EFG
at the 139La nuclei. If that is the case, one can estimate from
the separation between the satellites and the central peak the
magnitude of the quadrupolar frequency parameter (νq), which
is around 2.5 MHz for all samples where the satellites were
detected. This value is of the same order of magnitude as the
νq values reported for other similar manganites [38–41].

However, the direct observation of the quadrupolar split
spectrum is rarely reported for manganites; usually only at high
temperatures can the satellites be explicitly detected, since for
the magnetically ordered states the existence of distributions of
magnetic shifts swamps the typical features of a quadrupolar
pattern [38, 42]. The fact that the signals observed in this
work are due only to spatially restricted FM regions (and
not to the bulk of the samples) can be perhaps invoked as
a possible reason for the reduced magnetic broadening of
the resonance lines. In fact, the linewidths of the observed
peaks are around 1 MHz in the present case, compared to
typically 5–8 MHz linewidths in other manganites reported in
the literature. This could justify the direct observation of the
quadrupolar satellite lines. It is worth mentioning, however,
that other explanations have been mentioned in the literature
for the existence of resolved peaks in 139La NMR spectra
of manganites (both in zero-field NMR and in measurements
conducted under external field), such as the occurrence of
inhomogeneous spin arrangements in FM domains [36] and
the possibility of increased covalence for some La ions with
the nearest neighbour Mn ions [43]. The elucidation of
the origin of the satellite peaks in the present 139La NMR
spectra is therefore an issue that demands further work,
with methods specifically suited for the investigation of the
effects of the quadrupolar interaction, such as measurements at
different applied magnetic fields or the search for quadrupolar
oscillations in time-domain signals.

3.3. 55Mn NMR spectra

55Mn NMR spectra of Cu-doped samples have been observed
in the 300–450 MHz range. The comparison of the
spectra shown in figure 5(a) for samples with compositions
La0.86Sr0.14MnO3+δ and La0.86Sr0.14Mn0.90Cu0.10O3+δ indicate

Figure 5. (a) Zero-field 55Mn NMR spectra recorded at 77 K for
samples with the indicated Cu contents. Spectra acquired with
different RF strengths (B1 fields) are shown for the samples with
x = 0 (b) and x = 0.10 (c). The spectra shown in (a) correspond to
the B1 values that give the maximum signal for each sample.

a slight reduction in the average hyperfine field along with
a broadening of the resonance line, caused by the disorder
introduced by the Cu doping. The analysis of the change in the
55Mn NMR spectra with change in the RF strength (measured
by the value of the amplitude of the RF magnetic field, B1)
is shown in figures 5(b) and (c) for both samples. All lines
detected from zero-field 55Mn NMR measurements are again
typical of FM regions, since NMR lines coming from AFM
regions would have no RF enhancement due to the coupling of
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the nuclear magnetic moment to the electronic magnetization,
and therefore would require an RF power much higher than the
resonance lines associated with FM environments [35].

Unlike the 139La case, the hyperfine field at the 55Mn
nuclei is mostly due to an intra-ionic contribution, caused by
the non-zero electronic magnetic moment of the Mn ions. In
zero-field NMR, the values of the resonance frequencies are
thus dictated by the on-site spin value of each ion, and therefore
55Mn NMR probes the electronic state of the different Mn ions
present in the material. On the basis of previous results in
the literature, the typical values of resonance frequencies for
zero-field 55Mn NMR in magnetically ordered manganites for
localized Mn4+ ions (with electronic spin = 3/2) lie around
320 MHz and the lines are reasonably sharp and well defined.
For localized Mn3+ ions, on the other hand, which have
electronic spin = 2 and a strong anisotropic contribution due
to the extra electron in the eg orbital, the lines are excessively
broad, extending typically from 400 MHz upward. A single
‘motionally averaged’ line at about 380 MHz is usually
observed for metallic regions, where the fast electron (or
hole) motion leads to an average hyperfine field intermediate
between the two values given above [6, 35, 44–47].

On the basis of these assignments, it is clear that the
resonance line detected for the sample with x = 0 in figure 5(a)
is due to regions with fast hopping of electrons/holes,
associated with a FM metallic phase. The spectrum observed
for the sample with x = 0.10 is also dominated by a resonance
centred around 374 MHz, but in this case there is a clear
increase in the intensity in the range 320–360 MHz, giving rise
to a broad shoulder in this spectrum. This shoulder is likely to
be associated with Mn4+ ions, whose concentration increases
with Cu doping, as discussed above.

The analysis of the spectra acquired with different B1

values show different behaviours for the two samples. In the
case of the sample with x = 0, the signal intensity increases
progressively with the increase in B1, which is accompanied by
a narrowing of the resonance. For the sample with x = 0.10,
on the other hand, the maximum signal is recorded for a B1

value of 400 G. Again a slight narrowing is observed with
increasing B1, along with a shift of the peak to high frequency.
These changes in the spectral characteristics with the change
in the RF field are indicative of the presence of ferromagnetic
regions with different magnetocrystalline anisotropy field
(BA). For ferromagnetic materials, the regions with low BA

values are associated with large RF enhancement factors due
to the hyperfine coupling and thus give rise to strong signals
at low values of the B1 field [48]. It is worth noting that
in domain walls this effect is much more pronounced, with
enhancement factors higher by several orders of magnitude
than within the domains, due to the high susceptibility of
reversible displacements of the walls. Therefore, signals
associated with domain walls are usually recorded in B1 fields
much smaller than the ones corresponding to domain cores. On
the basis of these facts and considering that all spectra shown
in figure 5 have been recorded with reasonably high B1 values
and all in the same range, one can conclude that these spectra
correspond to ferromagnetic domains and not to domain walls.
This reasoning is in agreement with the previously discussed

scenario of small FM islands surrounded by an AFM matrix,
which excludes the formation of a domain structure in the
material.

The results shown in figures 5(b) and (c) thus reveal
that the contributions associated with Mn4+ ions, occurring
in the range 320–360 MHz, correspond to regions with
lower BA, being therefore easily detected for low B1 values
especially in the case of the Cu-doped sample. On the
other hand, the dominant signal at 375–380 MHz, which is
due to regions with fast moving electrons/holes, corresponds
to regions of higher anisotropy fields. The coexistence of
ferromagnetic regions with distinct dynamic behaviour and
different magnetocrystalline anisotropy has been reported by
Savosta et al for a number of other manganites [46, 47].
In such cases, the signal at lower frequency (∼330 Hz)
was attributed to quasi-localized Mn4+ ions in regions of
ferromagnetic insulating character and weakened double-
exchange interaction. A similar situation is likely to occur
in the manganites studied here, where the addition of Cu2+
ions leads to an increase in the fraction of Mn4+ ions and to
a decline of the double-exchange interaction, contributing to
the establishing of a phase-separated scenario in the materials.

Therefore, the set of magnetization, 139La, and 55Mn
NMR data all point to a mixed magnetic phase in these
compounds. As it has been suggested that the presence of Cu2+
cations in the Mn sublattice induces the AFM superexchange
interaction and suppresses the FM double-exchange interaction
in the manganites [11], the results above can be consistently
interpreted in a scenario involving a mixed FM/AFM state,
with an increasing contribution from the AFM phase for
samples with higher Cu contents.

4. Conclusion

Polycrystalline samples of La0.86Sr0.14Mn1−xCuxO3+δ with
x = 0, 0.05, 0.10, 0.15, and 0.20 were synthesized and
analysed by means of magnetic and NMR measurements. The
magnetic properties were found to be quite sensitive to the
Cu doping, which led to a lowering of the Curie temperature,
broadening of the ordering transition, and reduction of the
saturation magnetization. Zero-field 139La and 55Mn NMR
results gave evidence of the existence of ferromagnetic clusters
in all samples, which suggests an interpretation of the magnetic
structure of the manganites studied in terms of a mixed
magnetic phase state.
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