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Abstract

Magnetization measurements and Maossbauer spectrometry have been
performed on Lag 7Srg3Mn;_,Fe, O3 (x = 0.01, 0.05, 0.1, 0.2, 0.30), to clarify
the local magnetic order around Fe** ions. As Mn atoms are substituted for
with Fe, the magnetic structure dramatically changes, because the ferromagnetic
double-exchange chain is broken. At 4.2 K all compounds are magnetically
ordered with large hyperfine fields. For x = 0.05 ferromagnetic and
paramagnetic phases coexist over a large temperature range. Magnetic ordering
occurs in a double step. Superparamagnetic effects are observed, and can
explain part of this atypical ordering process, but there is evidence of segregation
and clustering of Fe, even at this low concentration.

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

1. Introduction

In the last few years there has been intensive work on the competition of exchange interactions
and magnetic structures in Fe-substituted giant-magnetoresistance perovskites [1-8]. These
compounds are prepared by traditional ceramic methods or, more recently, by a softer sol—gel
method. They have compositions such as Lng7M(3MnO3, where Ln is a lanthanide and M
is a divalent cation (Ca, Sr, Ba, Pb, etc). When Mn is partially substituted for with Fe the
compounds show a clear competition between the Fe—Mn (antiferromagnetic) and the Mn—Mn
(ferromagnetic) exchange interactions [1-8]. The ferromagnetic character of the unsubstituted
manganites is mainly due to double exchange between Mn** and Mn** ions [8—11]. This
fluctuating valence of Mn ions also gives rise to a delocalized electron that accounts for the
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metallic character of the magnetically ordered compounds. As the Mn atoms are substituted
for with Fe the magnetic structure dramatically changes: the larger the Fe content, the lower
the Curie temperature and the magnetic moment per Mn/Fe atom, because the ferromagnetic
double-exchange chain is broken, Fe entering always as Fe®* ions in the compounds [1-4].
Also the metallic character disappears in this process. At large Fe concentrations (typically
above 20%, i.e. at the percolation limit) spin-glass-like structures have been reported (see
below) but there is no clear evidence of the exact magnetic structure of the compounds. This
could also be due to mictomagnetic local structures arising from frustration, as a consequence
of the different kinds of exchange interaction. Phase separation has been strongly suggested
even in the absence of Fe doping [12, 13].

More recently, double perovskites of composition Sr,FeMOg (M = Mo, Re, etc) have
been studied [14-16]. These compounds might show structural order for the Fe/M sites in
a NaCl structure accompanied by half-metallic ferromagnetism up to elevated temperatures
(415 K for Srp,FeMoOg). Large changes in the order, both magnetic and structural, have been
found upon small substitutions of other metals for Fe and M. In this case it seems that a similar
double-exchange mechanism occurs and the magnetic order and moment are intimately related
to the cation order, which can be increased or decreased upon such substitutions.

A microscopic local study seems then interesting in order to clarify the nature of the
magnetic interactions and structures of these compounds.

In this work, we present a study based on magnetization measurements and Mdssbauer
spectrometry performed on Lay7Srp3Mn;_,Fe,O; (x = 0.01, 0.05, 0.1, 0.2, 0.30), in an
attempt to clarify both the magnetic behaviour and the local magnetic order around Fe ions.
Some studies already exist on similar magnetic systems [1, 3, 4] but the amount of Fe
substitution has been kept below x = 0.1, thus giving a partial vision of the role of magnetic
interactions.

2. Experimental procedure

The compounds were prepared by traditional solid-state reaction in air, starting with 3’Fe-
enriched Fe, O3, in order to have enough Mdossbauer absorption, even at the lowest doping
levels. X-ray patterns were obtained using a Philipps X’PERT diffractometer using Cu Ko
radiation and then analysed by means of FULLPROF refinement software [17]. Magnetic
measurements were carried out in a 7 T SQUID magnetometer at the Magnetic Measurements
Service of the University of the Basque Country, while transmission Mossbauer spectra were
recorded using a constant-acceleration spectrometer with a 3’Co source diffused into a Rh
matrix. The powdered sample was cooled in a bath cryostat and some in-field Mdssbauer
spectra were recorded either at room temperature under a small magnetic field oriented
perpendicular to the y-radiation or at low temperature using a cryomagnetic device where
the external magnetic field is parallel to the y-radiation. The hyperfine parameters are refined
by means of the MOSFIT program [18] while the values of the isomer shift are quoted relative
to that of a-Fe at 300 K.

3. Results and discussion

3.1. Magnetic measurements

Some structural results on the same samples have already been reported in [8]. In summary,
all these single-phase compounds exhibit rhombohedral structure with space group R3c. The
lattice parameters remain almost unchanged upon substitution of Fe for Mn and only a slight
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Figure 1. Magnetization as a function of temperature for all the Lag 7Srg 3Mn;_,Fe, O3 samples
studied. The applied field was 1 T.
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Figure 2. Magnetization curves as a function of the applied field at 10 K for all compounds. Note
the lack of saturation for the x = 0.2 and 0.3 samples.

increase in the cell volume (from 351.7 up to 352.6 A3) was observed. This is consistent
with the ionic radius of the Fe being only slightly larger than that of Mn. On the other hand,
Mossbauer spectra taken in the paramagnetic region indicate an increasing distortion of the
oxygen octahedral unit (as deduced from the increase of the quadrupolar splitting) around Fe
with increasing doping content. This can be explained by the increase of Fe nearest-neighbour
disorder with the Fe content.

From a magnetic point of view, both the Curie temperature and the magnetic moment of the
compounds decrease with the Fe content, but the general, macroscopic, magnetization versus
temperature curves are all similar up to x = 0.1. However, a transition is clear for x = 0.2
and 0.3 with a maximum in the magnetization curve obtained at 1 T (figure 1). Magnetization
as a function of field at 10 K (figure 2) shows a further difference between the x = 0.2 and 0.3
compounds. The first one still has some spontaneous magnetization, as extrapolated (Arrott
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Figure 3. ZFC-FC curves for selected compositions. The applied field was 0.01 T. Highly
inhomogeneous magnetic structure is evident for the x = 0.2 and 0.3 samples. For x = 0.2 it is
still possible to define a Curie temperature. This is not the case for x = 0.3.

plots) from high field, while the x = 0.3 compound shows no spontaneous magnetization at
all. Saturation is not reached at 7 T either for x = 0.2 or for 0.3. The zero-field-cooling
(ZFC)-field cooling (FC) curves (figure 3) indicate a large inhomogeneity of the magnetic
distribution for x > 0.2, with spin-glass-like or cluster-glass-like features, in contrast to a
rather homogeneous (but still not completely) behaviour for x = 0.05. From these curves we
can take x = (.2 as a limiting case where spontaneous magnetization coexists with disordered,
short-range-only, magnetic structures.

3.2. Low-temperature Mossbauer spectrometry

A better insight into the local order can be provided by Mdssbauer spectrometry. The spectra
of all compounds at 77 K are displayed in figure 4, but no direct comparison is possible,
because at this temperature some of them are magnetically well ordered while others are
still paramagnetic, or very close to paramagnetism—that with x = 0.2, for instance. The
broad sextets for x = 0.01, 0.05, and 0.1 are surprising since the Curie temperatures of these
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Figure 4. Mossbauer spectra for all compositions at 77 K. The different magnetic states of the
samples are evident. Note also the broad hyperfine field distributions in the magnetically ordered
samples. Fe content is indicated in at.%.

compounds are well above 250 K. This could suggest a large magnetic inhomogeneity of the Fe
sites that is not revealed by macroscopic magnetization measurements. More appropriate for
comparison are the spectrarecorded at4.2 K (figure 5). They show all compounds magnetically
ordered with large hyperfine fields (around 50 T). A single narrow sextet accounts for the spectra
of the 1% Fe-doped compound, while this sextet plus a distribution must be used to fit 5% and
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Figure 5. Mdossbauer spectra for all compositions at 4.2 K. All samples are magnetically ordered.
The existence of a discrete Fe site is evident for the x = 0.01, 0.05, and 0.1 samples. Broad
hyperfine field distributions are found for all samples except that with x = 0.01.

10% Fe-doped ones. In the high-Fe-concentrationrange, the narrow sextet has disappeared and
only a distribution of hyperfine fields is evident. The refined values resulting from the fitting
procedure are listed in table 1. The compound with x = 0.2 shows the largest distribution
width, thus reflecting the intermediate magnetic behaviour.

A simple interpretation of the components of the spectra can be outlined as follows: the
narrow sextet is attributed to isolated Fe ions completely surrounded by Mn. This gives a
picture of the undoped compound and corresponds well to Fe**. The broad-line component
reflects the disordered Fe** and Mn** neighbouring Fe** probes. At both 5% and 10% Fe
concentrations, the two components thus coexist, while the narrow component disappears
when the Fe content is larger than 20%. That is consistent with a broad variety of cationic
neighbourings of Fe. At this stage the unperturbed ferromagnetic Mn lattice no longer exists.

The above fitting procedure is only a rough attempt to describe the situation. More
elaborate strategies can be envisaged using single components, each one related to a given
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Table 1. Hyperfine parameters for all compounds at 4.2 K. IS = isomer shift, I' = linewidth,
2¢ = quadrupole shift, Byr = hyperfine field of a single sextet (s) or the average of those for
a distribution (d). The relative amount of each subspectrum (last column) is deduced from the
resonant areas and may be influenced by different recoilless factors.

Fe (at.%) IS (mms~') T (mms™!) 2¢ mms™")  Bup (T) (%)

+0.02 +0.02 +0.02 +0.5 +2

0.50 0.37 —0.02 52.6(s) 100

5 0.50 0.36 —0.03 52.7 (s) 67
0.45 — 0.06 45.4 (d) 33

10 0.50 0.34 —0.04 52.5(s) 42
0.48 — —0.06 46.0 (d) 58

20 0.48 — 0.01 48.0(d) 100
30 0.47 — —0.01 48.6(d) 100

number of Fe—Mn neighbours. In fact a discrete sextet with Bgr = 51.2 T can be separated in
the spectra corresponding to x = 0.05 and 0.1. This sextet should correspond to the Fe sites
with five Mn and one Fe nearest neighbours in the otherwise undoped Mn matrix, which have
a small but non-negligible probability of existing. Higher numbers of Fe neighbours, however,
have different contributions depending on their exact position in the six nearest-neighbour
sites, and will give rise to a great number of hyperfine contributions.

The probability of random states with one or more Fe as nearest neighbours (binomial dis-
tribution) in the compounds with x = 0.05 and 0.1 (about 26 and 47% respectively) is smaller
than the experimentally observed ratio between the distribution of Byr and the narrow sextet
(see table 1). This can be taken as an indication of the existence of some segregation of phases,
corresponding to the inhomogeneity in the Fe surroundings, at least from the magnetic point of
view, in accordance with the previous ideas derived from the broad spectra at 77 K. That point
can be further investigated by following the temperature behaviour of the Mdssbauer spectra.

3.3. Temperature-dependent Mossbauer spectrometry

Figure 6 shows the evolution of the spectra as a function of temperature for the compound
with x = 0.05, which has the highest Curie temperature, but is already showing the broad
distribution of Byr at 4.2 K. It can be seen that the paramagnetic—ferromagnetic transition
develops progressively and extends over the temperature range studied. From previous high-
temperature measurements [8], we know the paramagnetic spectrum of this compound. The
paramagnetic spectra were subtracted, with a different weight in each case, from those in
figure 6, in order to obtain the contributions of magnetically ordered and disordered phases
present at each temperature. A large distribution of hyperfine fields is found in the ordered
phase for all study temperatures, down to 77 K. Figure 7 represents the relative amounts of
paramagnetic and ordered phase as a function of temperature. It is clear that the coexistence
of the two phases follows a double-step evolution. First a large amount of the sample orders
around room temperature and afterwards total ordering appears at much lower temperature.
The evolution of the average hyperfine field of the distribution is also shown in figure 7. This
can be seen as a superposition of two ferromagnetic phases with 7, at about 100 and 320 K
respectively, the latter corresponding to the macroscopic 7, of the compound.

Similar experiments performed on the x = 0.2 compound show only a single step in the
ordering, while not enough data points were taken to fully establish this.

In the above discussion we have no a clear picture of whether the different phases
involved are spatially separated and constitute real segregation of clusters or similar units,
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Figure 6. Mossbauer spectra as a function of temperature for the Lag 7Srg 3Mng 95Feq 0503 sample.
Both ferromagnetic (with broad hyperfine field distribution) and paramagnetic contributions are
needed for fitting the spectra over the whole temperature range.

having different compositions on average, or the random distribution of Fe atoms gives rise
to different local magnetic states in an overall homogeneous sample. In either case the sizes
and characteristics of these zones are unknown. On the other hand, dynamic magnetization
effects, such as superparamagnetism, can greatly influence the magnetization and hyperfine
field. Because x-ray patterns do not reveal any ultrafine crystalline grains, dynamic effects
give rise to the overall appearance of the existence of different magnetic phases, while only a
distribution of magnetic cluster sizes, with different blocking temperatures, is present. New
experiments are thus needed to clarify these possibilities.

3.4. Mossbauer spectrometry under an applied magnetic field

Evidence of possible dynamic effects of the magnetization can be easily obtained in 'Fe
Mossbauer spectrometry by the application of an external magnetic field.  Should
superparamagnetic relaxation be responsible for a collapse of the hyperfine field, the application
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Figure 7. Evolution of the relative amounts of paramagnetic and ferromagnetic phase (upper part)
and average hyperfine field (lower part) as a function of temperature in Lag 7Srp 3Mng 95Fep 0503.
Solid lines are only guides for the eyes. The two-step ordering process commented on in the text
is evident.

of a small field can be enough to block the magnetic moments, and a large increase of the
hyperfine field, or an increase of the resonant area corresponding to magnetically ordered
states, should be obtained. On the other hand, the existence of magnetic clusters with different
compositions, and having different Curie temperatures, will give rise to almost unchanged
spectra if the applied field is not of the order of the internal hyperfine field of the clusters. In
order to explore the effect of the field we choose the compound with x = 0.05, which has
more complicated features.

The first experiments under an applied field were performed at room temperature and in
a field of about 0.1 T. At this temperature the compound is close to the Curie temperature and
about 30% of the sample is still paramagnetic. Despite the lack of resolution of the hyperfine
structure, the influence of the field is rather clear and the fitting procedure for the spectra is
consistent with a reduction of the paramagnetic phase to about 15% of the total absorption,
with no change in the hyperfine parameters. The existence of dynamic effects is then clear,
although the total volume of the sample is not driven to ferromagnetism by the applied field
at this high temperature, i.e. there is still some area in the spectrum that corresponds to a
paramagnetic state. This could be because the small field applied is not enough to overcome
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Figure 8. The effect of a strong magnetic field (6 T) on the Mdossbauer spectra at 77 K for
Lag 7Sr9.3Mng 95Feg 0503, and associated hyperfine field distributions. The low-field part of the
distribution (below 10 T) is due to the superparamagnetic or true paramagnetic clusters. The
blocking process for the superparamagnetic states and the shift of the high-field part of the
distribution are commented on in the text.

the temperature effect on the smallest superparamagnetic zones, or because some clusters that
are still in a true paramagnetic state exist.

Further experiments were carried out at 77 K in the presence of a strong magnetic field
of 6 T, oriented parallel to the incident gamma radiation. As is shown in figure 8, the almost
complete disappearance of lines 2 and 5 of the spectrum and the increase of the hyperfine
field in the external lines (1 and 6) clearly indicates a rather collinear magnetic structure with
the Fe magnetic moment anti-parallel to the mean magnetization in the sample. Indeed, the
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mean effective field is about 5 T larger than the mean hyperfine field, whereas the main peak
is shifted by about 7 T and the low-field peak disappears upon applying external field. This
confirms the antiferromagnetic Fe—Mn coupling and the occurrence of superparamagnetic
clusters suggested in the previous section. Such features were already observed in the case of
iron-doped Lag 75Cag2sMnFeOs [3]. In addition, the paramagnetic component is halved, as
in the room temperature experiments, and all the hyperfine field distribution is shifted to high
fields. However, at this temperature (77 K) the decrease of the paramagnetic component of
the spectrum is already achieved in a much smaller field of about 0.04 T, without producing
changes in the hyperfine parameters. Once again the complete magnetic ordering of Fe is not
accomplished even in a large field and at low temperature.

By comparing the broad distribution of hyperfine fields at 77 K for the sample with 5% Fe
with the distributions found in the 20 and 30% Fe compounds, and the very similar ordering
temperatures, we can deduce that the structure of the clusters is itself chemically (Fe** and
Mn?*/4) highly disordered and magnetically non-collinear.

4. Conclusions

Itis concluded that the >’Fe Mossbauer effect is able to give insight into the local magnetic order
in these compounds more specifically than macroscopic magnetic measurements, dominated
by the effect of the magnetization of Mn, and that, although dynamic effects can explain
part of the atypical magnetic ordering process in Fe-doped manganites, there is evidence of
segregation and clustering of the Fe, even at low concentrations. The magnetic structure of the
clusters is similar to that of the high-concentration Fe compounds, which show high magnetic
disorder at the microscopic level.
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