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Section 1. Perovskites
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1. Introduction

Since the discovery of large magnetoresistance (MR)
in SroFeMoOs, double perovskites have attracted much
attention [1]. More gtrictly speaking, Sr.FeMoOs is a
tunndling magneto resistance compound,  with
conductivity driven by the tunndling of the charge carriers
across insulating barriers [2,3]. The high Curie
temperature, T, = 420 K, and an essential MR present also
at room temperature make this material to be an interesting
candidate for possible applications, e. g. as magnetic
switch or in the growing field of spintronics. However, the
development of a thorough understanding of these
fascinating magnetic and electronic transport properties of
SroFeMoOg is complicated due to different reasons. For
instance the valence states of Fe and Mo have been studied
by different experimenta and theoretical approaches,
leading to quite different results. A number of works
conclude that a Fe*-Mo> configuration is present in
SroFeMoOg [4-6]. However, other investigations also
suggested a Fe**-Mo®" configuration or mixed Fe and Mo
valence states [7-10]. The technique of core level x-ray
photoel ectron spectroscopy can be used to investigate the
chemical properties of the compound in question. This
method is eement specific and sensitive to the valence
state of the different constituents of the material (chemical
shift). Furthermore one gets valuable information about
hybridisation effects, here in particular about charge
transfer between iron and the oxygen ligands.

Another interesting question is whether there exists a
kind of electron hopping or valence fluctuation between
the Fe and Mo sites, or if the ions have a fixed charge.

Such a valence fluctuation state has been observed before,
for instance in Fe;0, or BaSmFe,Os., [11]. Linden et al.
aso found indications for vaence fluctuations in
SroFeMoOg [7]. Besides the properties of the Fe and Mo
ions the properties of SroFeMoOg are strongly influenced
by structural properties such as so cdled antisite defects.
This means Mo ions are randomly replaced by Feions and
vice versa. Based on the false-site imperfection modd, the
saturation magnetisation of SroFeMoOg is decreasing with
an increasing amount of anti Site defects[12].

Another interesting effect that may occur in transition
meta oxides is the formation of anti phase boundaries or
grain boundaries. It is much more difficult to investigate
grain boundaries than antisite defects. The latter ones can
be easily analysed by x-ray diffraction (XRD), whereas
grain boundaries are very difficult to detect or even
invisble for XRD. However, recently such grain
boundaries in Sr,FeM0Os have been investigated by
means of Maossbauer spectroscopy and resistivity
measurements  [13,14]. Also grain boundaries are
suspected to play an essentid role for the magneto
resstance in SrFeMoOg by building up insulating
barriers, which are, at least to large extent, responsible for
the tunnelling magneto resistance. The investigation of the
hyperfine interactions between the nucleus with its
surrounding environment by means of Madssbauer
spectroscopy is suitable to investigate the effects
mentioned above.

In order to understand the intricate interplay between
the Fe and Mo ions, antisite defects and grain boundaries
in Sr,FeMoOg we present a study of the chemical (valence
states, charge transfer) and grain boundary effects in a
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highly ordered Sr,FeMo0Og crystals by means of the
complementary techniques x-ray photoelectron and *Fe
M&ssbauer spectroscopy. In addition, magnetoresistivity
studies were also performed.

2. Experimental details

Polycrystalline samples of SroFeMoOg were produced
by standard solid state reaction. The samples were
prepared from SrCOsFeO; and MoO; by milling,
pressing and two subsequent heating cycles in air.
Afterwards sample 3.1 was hested a 1300 °C under argon
flow with 1.7 % hydrogen, wheress in case of sample 3.3
the hydrogen content was only 0.8 %.. X-ray diffraction
(XRD) was used to check the structura quality and it was
found that the sample 3.1 has only a very low antisite
defect (AS) concentration of [B%. A totd magnetic
moment of 3.5 pg/f.u. was determined by magnetic
measurements. The sample 3.3 having 05 % antisites was
also studied. The saturation moment was 3.3 pg/f.u.. Some
information of the structural, eectronic and magnetic
properties were reported elsewhere [10,15]. The XPS
measurements were performed with a PHI 5600ci multi-
technique spectrometer with monochromatic Al K,
rediation, giving an overall resolution of about 0.4 eV. The
spectrometer was cdibrated using an Au fail as areference
sample (the binding energy of the Au f7, core leve is
84.0 eV). To get a surface free of contaminations, the
sample was fractured in situ. The >'Fe Mésshauer spectra
were recorded at 77 K and room temperature. A *’Co:Rh
source was used for the measurements. The conventional
four probe method was used for resistivity measurements
in temperature range 4 K < T < 300 K. The
magnetoresistance was measured in fidd uptopgH="7T.

3. Results and discussion

One can probe the valence state of iron in transition
metad compounds by studying the Fe 3s x-ray
photodlectron spectra for sample 3.1 (Fig. 1, bottom
pand). Applying a phenomenological model [16], the
spectral splitting of the 3s core-level x-ray photoemission
spectrain transition metals and their compounds originates
from the exchange coupling between the 3s hole and the
3d dectrons, and is modified by configuration interaction.
The magnitude of the splitting is related to (2S + 1), where
Sistheloca spin of the 3d electrons in the ground state.
FeO (3d° configuration) shows an exchange splitting of
around 5.4 eV wheress the 3s splitting in Fe,0; (3d°
configuration) is 6.4 eV. The XPS Fe 3s spectrum of the
double perovskite shows a splitting of around 5.7 eV.
Assuming alinear relationship between exchange splitting
and ratio of valence state, this leads to the conclusion that
around 30% of the Fe ions are in the +3 valence state.
Additionally, a satellite at higher binding energies which
we assign to charge transfer excitations is visible
Compared to the spectra of FeO and Fe,0O; we find an
intermediate amount of charge transfer excitations in
Sr,FeMoOe.

The Mo 3d XPS spectrum (Fig. 1a8) comprises two
rather broad peaks located at around 232 eV and 235 eV
on a hinding energy scae In order to separate the
obviously overlapping Mo® and Mo®* states one can de-
convolute the spectrum with help of Doniach-Sunjic
functions [19]. The features which can be associated with
Mo® contributions (dashed lines) show a rather
pronounced tail (asymmetry) to higher binding energies
(~ 25%). The anadysis of the peak areas after background
subtraction reveals 29% Mo”* and 71% Mo®* contributions
to the Mo 3d spectrum, in very good concurrence with the
result for the iron. The two rather small fitted peaks
located at around 229.6 eV and 233 eV are likely due to
surface defect states because firstly, the Fe 3s spectrum
also shows a weak shoulder on the low binding energy
side, and secondly, similar effects of surface defects on
XPS gpectra have been investigated in other studies of
transition metal compounds, such as TiO [20] or WoO;,
[21].
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Fig. 1. XPScore level spectra of Mo 3d (a) and Fe 3s (b)
of S,FeMoOs (sample 3.1) compared with the spectra of
some benchmark compounds, the Fe 3s spectrum of FeO
has been taken from Prince et al. [ 17], the Mo 3d spectra
of MoO, and MoO; have been adapted fromColton et al. [18].
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Since the photoel ectron emission event is very fast
and occurs a the femtosecond scale it is not possible to
extract the information if the ions have a fixed charge or a
valence fluctuation state is present. In case of vaence
fluctuation the electron hopping occurs a a timescale of
nanoseconds, and the fast photoelectron emission process
is like a very short “snapshot”. On the other side the
Mossbauer event takes place a a timescale of ~107
seconds and is essentialy slower than a possible electron
hopping process. If the Fe ions would have a fixed charge,
a Mossbauer spectrum would comprise two distinct
features representing the Fe** and the Fe* ions, whereas a
valence fluctuation state would lead to one component in
the MOssbauer spectrum which is due to the average
valence state of theiron.
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Fig. 2. Temperature dependences of theresistivitiesin
fieldH = 0.

The temperature dependences of the electrical
resistivities for samples 3.1 and 3.3, in zero external field,
are plotted in Fig. 2. The residual resistivity of the sample
3.3 is higher by more than three order of magnitude than
of the sample 3.1. The resistivities decrease when
increasing temperature. Negative magnetoresistances
(MR) are evidenced in both samples. At 9 K, the MR
values for sample 3.1 change by 14 % in field of 1 T and
30 % a 7 T. The field dependences of resistivity are
smaller in case of sample 3.3, being 9 %infield of 1 T and

20 % in externa fiedd of 7 T. At 250 K, the
magnetoresistances are nearly the same as a 9 K for
sample 3.1 but for sample 3.3 isbelow 1 % - Fig. 3. This
behaviour may be correl ated with recent results [22] where
the antisite defects versus grain boundary competition in
tunnelling magnetoresistance of SroFeMoOs was
discussed. Analysing comparatively the resistivities of
samples 3.1 and 3.3, we conclude that the differences in
resistivities of the above samples may be connected only
with  grain  boundary properties. The tunndling
magnetoresistance response is deteriorated when the grain
boundary insulating barriers are present. Although, in our
case, the antisite proportions are rather close for the both
samples, as above mentioned, there are high changes in
resistivities. Generaly, it is expected that in more
disordered sample there is a reduced electron spin
polarization a the Fermi level which influence the
resstivities. But this cannot be considered to be
responsible for a more than three order of magnitude
difference between the resistivities of the above samples.
We assume that the tunnelling magnetoresistance of
sample 3.3 is masked by the grain boundary barriers.
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Fig. 3. Field dependences of the magnetoresistivities at
25K and 250K.

The samples 3.1 and 3.3 were analysed by Mdssbauer
spectroscopy. The °’Fe Méssbauer spectra a 77K are
plotted in Fig. 4. The spectrum of sample 3.1 was
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decomposed in four sextets - Fig. 4a The hyperfine
parameters are close to those determined by Linden et a
[13], dthough the area ratios are different — Table 1.
According to previous data [7,13,23], the component M1
with an internal field of 46 T was attributed to iron
residing in mixed valence state Fe**/Fe* at right sites.
Component AS with an interna field more than O 50T is
assigned to Fe*" ions located in antisites. The sextet M2
with an internd field of O 48T arises from iron ions
adjacent to AS iron. These ions are considered to be in
mixed vaence state. The component APB having low
interna field may be attributed to trivalent iron in
antiphase domain boundary (APB) The antisite (AS)
content is 5.8 % and the iron adjacent to antisite (M2
component) is 18.8 %. We note that the antisite content
agree rather well with the value determined by XRD. The
area ratios between M2 and AS components, both in the
present study and that of Linden et a [13] is 3. It seems
to be a constant number, in the mean, for the ratio between
the number of iron adjacent atoms to an antisite and
antisite content. The component having the smaller
hyperfine (APB) has an area A = 3.9 %, much smaller than
21 % reported previoudy [13].

The *'Fe Mossbauer spectrum of sample 3.3 was
analysed, considering in the central region of the spectrum,
the presence of two quadrupole doublets (Fig. 4b) or one
sextet with small hyperfine field (Fig. 4c). The parameters
of both fits are listed in Table 1. In the first case we have
two sextes with nearly the same isomer shifts and
quadrupole splittings, but with little different *Fe
hyperfine fields (46.8 and 485 T). The sextet with
Bn=46.8 T was attributed to iron in M1 Stes. It seems
unredlistic to attribute the sextet with hyperfine field of
485 T only to M2 type sites since the number of ions
around AS positions is too high. Probably that this sextet
include also the contributions of afraction of iron situated
in M1 sites Since of complexity of spectrum it seemsto be
an unredlistic decomposition for this subspectrum. This
fact can take into account the higher arearations of M2/AS
than 3.0 evidenced aready. The fraction of iron located in
antisiteis 3.30 %, in good agreement with that determined
by XRD refinement. Two quadrupole doubl ets evidenced
in the central pat (A O 6.8 %) can originate from
superparamagnetic particles having blocking temperature
smaller than 80 K and situated at the grain boundaries.

In another type of anaysis, the hyperfine parameters
follow atrends close to that reported for sample 3.1. The
sextet with °’Fe hyperfine field of 59.5 T was attributed to
iron located in antisites. This interna field is higher than
the value determined in sample 3.1 but also characterizes
the hyperfine field of Fe** ions. The area ratio is 6.2 %
little higher than 5 % determined by XRD analysis. The
MOssbauer spectrum of SroFeMoOs, a 4.2 K, was
analysed dready by considering four doublets having
hyperfine [48.2 T (61%); 50 T ((113%); 52.5 T (15%) and
554 T (11%) [24]. The first three components were
atributed to iron having a configuration 3d°° with
decreasing & values as the By values increase and the
component with 55.4 T was attributed to Fe** ions. We
note that in FeF; a value of By=62.3 T was determined.

The fraction of iron located in APB is 6.5% close to 6.8 %
evidenced in first type of andysis but nearly two time
higher than determined in sample 3.1. The M1 component
was andysed considering two contributions (M1 and
M1") with different hyperfine fields 46.9 and 50.7 T,
respectively. The origin of M1 sextet is not clear.
Probably in some regions of samples there is no random
distribution of iron in the two valence states. As aresult a
fluctuating valence more dose to Fe** iron configuration
may be present.
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Fig. 4. Mossbauer spectrum of S,FeMoOg recorded at

77K: (@) sample 3.1; (b,c) sample 3.3 The spectrumin (b)

has been de-convoluted into three sextets, and two

doublets. The spectrum in (c) has been de-convoluted

into five sextets. The hyperfine components are summed
upinTable 1.
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Table 1. Hyperfine parameters obtained from the fits of the "Fe Mdssbauer spectra.

Sample Lattice Rnh eQV /8 o° r B A
(mm/s) (mnv/s) (mm/s) (T) (%)
(sample3.1) | M1 0573 -0.049 1335 0.55 458 71.52
x%=0.97 M2 0.440 -0.200 58.6 0.42 483 18.78
AS 0.439 -0.025 130.6 0.61 54.0 5.82
SM5 (APB) 0522 0.085 1135 0.42 8.4 3.88
(sample3.3) | SM1(M1) 0.64 [0.000 125 0.37 46.8 48.79
x?=0.87 SM2 (M2+M1) 0.57 0.004 119 0.43 485 41.11
SM3(AS) 0.65 0.020 120 0.25 59.4 3.30
L1 (APB) -0.33 - - 0.41 - 3.69
L2 (APB) 1.42 - - 0.48 - 311
(sample3.3) | SM1(MT) 0.60 0.640 126 0.32 46.9 62.47
x?=0.91 SM2 (M1¥) 0.88 -0.278 148 0.24 50.7 12.26
SM3(M2) 0.33 -0.415 69 0.21 49.4 12.58
SM4 (A9 0.19 0.698 137 0.27 59.5 6.19
SM5 (APB) 0.30 0.298 149 0.27 5.7 6.50

The present data for sample 3.3 may be interpreted
considering a strong grain surface oxidation at the grain
boundaries. The content of APB is higher than in sample
3.1 in agreement with the resistivity studies. This fact may
be correlated with sample preparation. Probably that the
low hydrogen content in the argon flow leads to a stronger
oxidation of grain boundaries than for sample 3.1. It is not
excluded to be present also a charge ordering as suggested
by the presence of M1 and M1 sextets for iron located in
normal positions.

4. Conclusions

In summary, we have investigated highly ordered
SroFeMoOg samples by core level XPS and Mdssbauer
spectroscopy. By comparing the Fe 3s and Mo 3d XPS
spectra with spectra of reference compounds we can
conclude mixed iron and molybdenum vaence states
involving around 30% Fe*- Mo® and 70% Fe**- Mo
states. The analysis of the Fe 3s spectrum reveds that
charge transfer between the Fe 3d states and the O 2p
ligands plays a role, and de-convoluting the Mo 3d
spectrum reveals metallic character of the Mo™ ions.
Furthermore, the *Fe Mdssbauer spectra indicate the
presence of vaence fluctuations, an electron jumps from a
Fe* ion to a Mo®™ ion leading to a Fe*-Mo™
configuration, and vice versa. Andysing the hyperfine
field parameters of the M dssbauer data supports the results
obtained by XPS, theiron in the bulk is more divalent than
trivdlent. The grain boundary play an important role in
determining the resistivity and magnetoresistivities of
SroFeMoOg. The tunnelling magnetoresistance may be
masked by the grain boundary barriers as in sample (3.3)
where the grain boundary content is rather high. For
samples having high resistivities no magnetoresiti ve effect
was observed close to room temperature. The atomic
resolution TEM measurements [24], showed in
SroFeMoQOg, the presence of domain with modulated
crystal structure inside the regions of the idedl double
perovskite. These regions with cation disorder form
insulating domains in the haf-metdlic matrix of the

ordered double perovskite. These insulating regions can
also contribute to changes in resistivities of the samples
(3.3) as suggested by Mossbauer effect data where M1’
and M1” components were shown.
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