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Abstract. Lag sSro.2 °"Feg.05C00.0505_s perovskite is investigated by 5"Fe transmission and emission
Méossbauer spectroscopy, X-ray diffraction, AC magnetic susceptibility and magnetotransport mea-
surements. Temperature dependence of the ®’Fe Mossbauer isomer shift, quadrupole splitting, mag-
netic hyperfine field, line broadening, and relative spectral area is presented in a detailed manner for
Lao.sSro.2 > Feg.05C00.05 O3_s. The oxidation state of iron is determined to be FeS'*'7 and the presence of
preferential electronic charge compensation Fe®* — Fe** over that of Co®™ — Co*" is excluded. Relax-
ation of iron magnetic moments reflected by the 57Fe Mossbauer spectra of Lag.gSro.2 5"Feg.05C00.9505_s
are interpreted as evidence for the existence of superparamagnetic like Co clusters and a corresponding

cluster glass magnetic phase formed below T = 65 K.

PACS. 75.47.Gk Colossal magnetoresistance — 75.50.Lk Spin glasses and other random magnets —
76.80.+y Mossbauer effect; other gamma-ray spectroscopy

1 Introduction

Following the discovery of the effect of colossal neg-
ative magnetoresistance (CMR) in doped manganite
perovskites [1], a search for materials showing simi-
lar anomalous effects was started. Various transition
metal compounds with different composition and crys-
tal structure, such as SroFeMoOg [2], FeCraSs [3], and
Lag gSrg 2Fe,; Co;_,O3 [4] were also found to show large
magnetoresistance effect. Models aiming to shed light on
the CMR effect found in manganite perovskites, and to
explain the unusually strong correlation between the mag-
netic state of the material and its electric transport prop-
erties, are based on the theory of double exchange [5].
However, it was argued, that the assumption of a strong
electron-lattice interaction is also necessary to explain the
semiconducting nature of the paramagnetic phase [6,7].
This strong electron-lattice coupling is thought to be due
to Jahn-Teller type distortions [7].

In contrast to manganites, in La; _,Sr,CoO3_s5 magne-
toresistance (MR) was found not only in the neighborhood
of the Curie point, but also at lower temperatures [8—11].
The origin of this negative magnetoresistance in the cobal-
tate perovskites is not satisfactorily understood yet. Al-
though Jahn-Teller type distortions may also occur in
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La;_,SryCoO3_s, the conduction mechanism in these ma-
terials cannot be explained on the basis of the conven-
tional double exchange model [9]. At the same time, the
spin state of the cobalt ions is thought to play a deci-
sive role in the electronic transport and magnetic prop-
erties of the cobaltate perovskites [9]. The substitution
of divalent strontium in the rare-earth site can convert
trivalent cobalt ions into tetravalent state. Apart from the
formation of tetravalent cobalt ions, doping of La by Sr
may result in an increased number of oxygen vacancies as
well. The competition between the two effects was demon-
strated by Mineshige et al. [12]. Strontium substitution
also alters the electronic transport, the magnetic, as well
as the MR properties of these materials [8,11].

Barman et al. found that a small exchange of cobalt
by iron greatly enhances negative magnetoresistance in
Lag gSrp.2Fe,Co1—,03 [4]. At low temperatures, mag-
netoresistance in Lag gSrg.oFe;Coi_,O3 shows a similar
tendency as observed in Laj_,Sr;CoOs. Below 50 K
the magnetoresistance increases rapidly with decreas-
ing temperature, but the extent of the MR in the
iron doped compound exceeds the one in the iron free
material. Between 50 K and 150 K the magnetoresis-
tance is close to zero, but from about 150 K it in-
creases up to ~300 K where it seems to saturate. How-
ever, the high temperature magnetoresistance was not
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confirmed by other authors [13,14]. Iron substitution was
also found to lead to an increase of the unit cell volume in
Lag gSrg 2Fe, Co;_,O3 [15,16], which was interpreted as
an increase in the number of oxygen vacancies in the iron
substituted compounds.

In order to gain further insight into the effect of
iron in enhancing the negative magnetoresistance in
Lag.gSrg.oFe,Co1_, O3 perovskites with low iron concen-
tration, Lag.gSro.o ° Feg.05C00.0503_s was prepared and
investigated by ®7Fe transmission Mdssbauer spectroscopy
(TMS), 5"Fe emission Mossbauer spectroscopy (EMS),
X-ray diffraction (XRD), AC magnetic susceptibility and
magnetotransport measurements.

2 Experimental

Lag gSro.2 °"Feg 05 Co0.9503_5 was prepared in the follow-
ing way. First, Lag gSrg.oCoOg3 samples were fabricated via
the citric acid-ethylene glycol method. The stoichiometric
amounts of La(NO3)3-6H20, SrCO3 and Co(NO3)2-6H2O
were dissolved in 50 ml of concentrated nitric acid.
5"Fe metal was dissolved in nitric acid and the respec-
tive amount was added to the nitric acid solution. The
solution was diluted with 200 ml water. 30 g citric acid
and 8 g ethylene glycol were then added. The aqueous
solution was evaporated until a brown gel was obtained.
The gels were dried under vacuum at 125 °C. The residues
were ground, first heated to 500 °C, kept at this tempera-
ture for two hours and then heated to 800 °C. The heating
rates were 5 K min~'. The samples were kept at 800 °C for
five hours. Upon ballistic cooling the samples were ground
and compacted at 750 MPa into discs of 10 mm diame-
ter. The specimens were then sintered in air at 1200 °C
for 24 hours. Heating rates were 3 Kmin~!, cooling rates
10 Kmin~—!. The oxygen content was analyzed by iodo-
metric titration.

5TFe TMS measurements were carried out on a pow-
dered sample in transmission geometry in a tempera-
ture controlled flow-through type liquid nitrogen cryostat
(Leybold) and in a temperature controlled helium bath
cryostat. The low temperature measurements were car-
ried out as a function of temperature in the range of
4.2 K to 300 K. During the measurements the temperature
of the Lag. gSrg.2 °"Feg.05Cog.9503_s sample was kept con-
stant with a precision of AT &~ £0.5 K. The v rays were
provided by a ®”Co(Rh) source with 10 Bq activity. In the
case of the spectra taken at 30 K and 40 K the ®"Co(Rh)
source was cooled at the same temperature, otherwise the
source was maintained at room temperature.

The emission Mossbauer measurements on the
Lag gSro.2 °"Feg 05 Coo.9503_5 sample were carried out us-
ing 57Co doping with the following technique. The aque-
ous solution of °”Co(NO3)s, containing 0.1 M nitric acid,
with an activity of 100 MBq was let evaporate to complete
dryness under an infrared lamp. Then the dry residue was
re-dissolved and transferred drop by drop to a pellet of
the Lag.gSro.2 °"Feg.05C00.9503_5 sample using 200 ul ab-
solute ethanol. After evaporation of the ethanol, the dry
sample was heated for 2 hours at 1000 °C (diffusion ther-
mal treatment) and then cooled down to room tempera-
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Fig. 1. X-ray diffractogram of Lag.sSro.2 " Feo.05C00.9503.

ture in O9 atmosphere. XRD measurement confirmed that
the perovskite structure and the composition of the orig-
inal sample were not changed during the heat treatment.
Mossbauer spectra were recorded at 4.2 K in a helium bath
cryostat and at room temperature using the conventional
emission geometry.

5TFe isomer shift values of TMS and EMS spectra are
given relative to a-iron at room temperature. Mossbauer
spectra were analyzed with version 3.0 of the MossWinn
program [17].

Temperature dependence of AC magnetic susceptibil-
ity of Lag.gSro.2 °"Feg.05C00.0503_5 was measured at fre-
quencies of 133 Hz, 1 kHz and 10 kHz using AC magnetic
field of 365 A/m in the temperature range of 7-225 K,
while magnetotransport measurement was performed by
standard four point contact method.

3 Results

The powder X-ray diffraction pattern of
Lao_gsro_g 57Fe0_05Coo,9503_5 is shown in Figure 1.
The diffraction lines are characteristic for the perovskite
structure of doped cobaltates (for comparison, see e.g.
Refs. [4,11]).

Figure 2 shows AC magnetic susceptibility, resistivity
and magnetoresistance of Lag.gSro.2 °"Feg.05C00.0503—s,
as a function of temperature. The real component of xac
(x) is of broad peak character. x’ starts to rise exponen-
tially at 180 K with decreasing temperature, peaks up at
80 K and shows some additional substructure at 60-65 K.
The height at 80 K is frequency dependent, which is a
direct indication of slow spin dynamics. Both the fre-
quency dependence of the maximum of x’ and the long
high temperature tail indicate the spin glass (SG) region
of the magnetic phase diagram. x’ss 11,/ X000 1z SUSCeD-
tibility ratio indicates changes in spin dynamics at 65 K
and 101 K. Above 101 K the susceptibility is frequency
independent. Applying the Curie-Weiss formula for the
high temperature part (T' > 185 K) of the AC susceptibil-
ity 120 K can be identified as Curie temperature 7, with
3.2 pp/f.u. effective magnetic moment. Abrupt change in
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Fig. 2. The temperature dependence of A: real and imagi-
nary components of AC magnetic susceptibility (f = 133 Hz),
B: resistivity (insert: conductivity with semiconductor and
VRH model fittings), and C: magnetoresistance measured on
Lao.sSro.2 > Fep.05C00.0503_5.

the slope of the linear trend of 1/x/ 35 11, can be observed
at 182 K. This part of the curve indicates the presence of
a weak ferromagnetic ordering in the sample. At 170 K
linearity is lost and the magnetic energy dissipation over
a single cycle starts to increase sharply at 150 K, which
can be seen in the imaginary component (x”) of the AC
susceptibility. It is worth noting, that around 7. a weak
substructure can be identified in the y”.

The temperature dependence of resistivity corresponds
to semiconductor like variation, diverging at T — 0 K,
which is typical for cobaltates in the spin glass phase
(Fig. 2). While at T > 50 K resistivity variation can
be fitted with a semiconductor model p =~ exp(E/kT),
E = 23.2 meV, at low temperature end (T < 20 K) the
resistivity curve can be fitted with a variable range hop-
ping model, p ~ exp(Tp/T)"/? with Ty = 329 K.

The MR ratio measured in 7.5 T external magnetic
field increases with decreasing temperature from room
temperature (Fig. 2). It achieves values up to —70% at
lowest temperatures, although there are significant kinks
in the curve at 65 K and around 180 K. The traces of a
‘peak’ between the two kinks resembles to peaks in mag-
netoresistivity observed around T, in perovskites.

Figure 3 shows the ®"Fe transmission Mossbauer spec-
tra of Lag.gSro.2 " Fep.05C00.9505_5 at selected temper-
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Table 1. 5"Fe transmission Mossbauer parameters of
Lao.sSro.2 " Fe.05C00.0503_5 at selected temperatures (in
round brackets the error of the last digit obtained by the fitting
procedure is shown).

T/K 6/mms™' A/mms™" (BY/T I'/mms™!

42 0.391(1) 0 40.0 0.30(1)
40 0.401(6) 0 33.2 0.32(1)
57 0.41(1) 0 26.0 0.36(1)
67 0.41(1) 0 20.2 0.73(2)
125 0.390(1) 0.222(3) 0 0.402(4)
155 0.380(1) 0.209(1) 0 0.377(1)
200 0.349(1) 0.198(2) 0 0.355(3)
300 0.290(1) 0.185(2) 0 0.356(3)
Table 2. °"Fe EMS parameters of Lag.gSro.2 5"Feo.o5

X Co00.9503_s at temperatures 300 K and 4.2 K.

T/K 6§ /mms™' A/mms™ (BY/T I'/mms™!
12 045(1) 0 16.2 0.33(3)
300 0.321(3) 0.21(1) 0 0.46(1)

atures. The spectra observed between 120 K and room
temperature show a broad absorption peak that can be
best fitted with a doublet showing a small (~0.2 mms~!)
quadrupole splitting. The corresponding °“Fe Méossbauer
parameters are presented in Table 1. Below about 120 K
a magnetic sextet develops gradually, referring to iron
cations undergoing magnetic relaxation that slows down
(below the Larmor precession rate of the °"Fe nucleus)
with decreasing temperature.

The emission Mossbauer spectra and the corre-
sponding Mossbauer parameters of the 57Co doped
Lag.gSrg.2 °"Feg.05Co0.9503_5 sample are presented in Fig-
ure 4 and Table 2, respectively. At room temperature only
a single line appears whose >’ Fe Méssbauer parameters are
close to those obtained from the room temperature trans-
mission Mossbauer spectrum of this perovskite. At 4.2 K
one can see a sextet with a characteristic magnetic field
of 46.2 T, but with broad Mdssbauer lines.

4 Discussion

For evaluating the 5" Fe transmission Mossbauer spectra of
Lag.sSro.2 °"Feg 05C00.9503_5 between 120 K and 300 K a
quadrupole doublet was used as a fitting model. In this
temperature interval an anomalous peak in the tempera-
ture dependence of the Mossbauer line width (I") is ob-
servable at T ~ 150 K, which refers to a phase transi-
tion at this temperature (Fig. 5). The observation that
the losses in AC magnetic susceptibility (Fig. 2) start to
rise exponentially at around the same temperature inter-
val suggests that this phase transition is of magnetic ori-
gin. The same phase transition is visualized in the tem-
perature dependence of the *"Fe quadrupole splitting (A,
Fig. 6) and isomer shift (0, Fig. 7), and (somewhat less ob-
viously) in the temperature dependence of the normalized
spectrum area (Fig. 8) as well.
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The change in the slope of the 5" Fe isomer shift (Fig. 7)
at around 7' =~ 150 K refers to a change in the vibrational
state of iron, which in the frame of the Debye-model can be

expressed as a change in the so called effective vibrational
mass (Myipy) [18]:

3-kp
Mvibr: a5
ar " ¢

where kp is the Boltzmann constant and ¢ is the speed of
light in vacuum. In the present case we observe that

Mvibr(T < 150 K) Ny 3

M (T > 150K) 2

which means that below 7' ~ 150 K iron is more tightly
bound to its neighbors than above this temperature. The
additional force acting on iron below 150 K is likely to be
of magnetic origin.

The normalized area of the Mossbauer spectrum
(An, the area under the Mossbauer spectrum divided
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by the base line) is proportional to the Mdssbauer-
Lamb factor (f) that is a function of the (z?) mean
square displacement of the vibrating iron atoms: f =
exp(—k?(z?)), where k denotes the wave number of the
Mossbauer photon. In the frame of the Debye model,
f, and consequently Ay, should decrease with temper-
ature monotonically. The dependence of Ay on tempera-
ture (Fig. 8) is therefore anomalous below about 150 K
where Ay seems to be constant or slightly increasing
with temperature. This anomalous temperature depen-
dence ends by a sharp drop in Ay simultaneously with
the set-in of the phase transition when the temperature
is raised above T ~ 150 K (Fig. 8). This drop in Ay
can be interpreted as a sudden increase in (z?) of iron
while Lag gSrg.2 > Feg.05C0g.9503_s undergoes a magnetic
phase transition (Fig. 2). The origin of this effect may be
the same as that of the anomalous lattice expansion found
in Laj_,Sr,CoO3_s above T [19,20], i.e. electron local-
ization on transition metal cations and the connected co-
operative displacement of the O%~ ions, which results in
an increase of the mean transition metal - oxygen bond
length.

These observations show that in
Lag.gSrg.2 °"Feg.05C00.90503_5 there is a magnetic ex-
change interaction between iron and cobalt, as a
consequence of which the °’Fe Mossbauer parameters
reflect the magnetic transition of the cobalt subsystem
at around T =~ 150 K. However, this magnetic transi-
tion does not result in a preferred orientation of iron
magnetic moments, and therefore the magnetic six line
pattern does not appear in the °“Fe Mdssbauer spectrum
of LaggSro.2®"Feg 95C00.9503_5 at this temperature
(Fig. 3). Instead, below T ~ 150 K the relaxation rate
of the magnetic moment of iron cations decreases with
decreasing temperature, which is visualized as an increase
in the Mossbauer line width (Fig. 5) that turns into
an evolution of the magnetic field distribution under
T. ~ 120 K (Figs. 3 and 10). The observation that the
slowing down of relaxation of iron spins begins simulta-
neously with the magnetic ordering of the Co subsystem
suggests that the Fe-Co magnetic exchange interaction is
stronger than the Co-Co magnetic exchange interaction
leading to magnetic ordering at T = 150 K.

In the temperature range of 4.2 K < T < 120 K
the TMS spectra of Lag gSrg.2 °"Feg.05C00.9503_5 was fit-
ted with a combination of a paramagnetic doublet and a
distribution of magnetic sextets. The ratio of the para-
magnetic component starts to fall with decreasing tem-
perature at around 7, ~ 120 K, and it disappears below
about 65-70 K (Fig. 9) that coincides with the temper-
ature where — according to the AC susceptibility mea-
surement — the spin dynamics changes. Moreover, the ra-
tio of the doublet and the sextets turns at about 100 K,
which temperature was found to be the boundary between
the frequency dependent and frequency independent parts
of x'.

The distributions of the hyperfine field, reflected by the
Mossbauer spectra recorded between 4.2 K and 100 K, are
plotted in Figure 10. As it can be seen, a small distribution



302

10040 O O OO0 [ ]
o
_ (0]
80 m  doublet
L O sextets -
- o
o 60+
©
5
S 40
a | 0
IS
8
20 -
]
0-1m [ B | L1 1 . . : —O .
0 25 50 75 100 125 150
T/IK

Fig. 9. Ratio of paramagnetic and magnetic subspectra in the
TMS spectra of Lag.gSro.2 5"Feo.05C00.9503_5 between 4.2 K
and 150 K.

03

@
B
b=
=/
H

0 10 20 30 40 50

BIT
Fig. 10. Magnetic field distribution of the mag-

netic component in the °7"Fe Mossbauer spectra of
Lag.gSro.2 57F60_05COO,9503_5 between 4.2 K and 100 K.

of hyperfine fields remains even at 4.2 K. This indicates
that besides the relaxation phenomenon, broadening of
the 5"Fe Mossbauer peaks is also contributed to by a static
distribution of hyperfine magnetic fields originated from
Co presence in the next neighborhood of *"Fe nuclei.

The fact that the iron magnetic moments reflect a ten-
dency for the freezing of the relaxation of iron spins with
decreasing temperature indicates the formation of spin- or
cluster glass phases, which is in accordance with the re-
sults of the AC magnetic susceptibility measurements of
Lag.sSr0.2 ° Feg.05C00.0503_s (Fig. 2) displaying substan-
tial blocking below T =~ 65 K.

By doping La()_gsl'()_g 57Fe0_05C00,9503_5 with a minute
amount of °’Co, one can study the hyperfine interac-
tions of ®"Fe in a lattice site where Co tends to be
bounded chemically. Namely, while during the doping pro-
cedure radioactive °”Co is introduced into the system, the
Mossbauer experiment is carried out by the help of the
14.4 keV gamma ray emitted by the 5"Fe nucleus formed
via the electron capture decay of °”Co. Considering the rel-
atively low level of iron (z = 0.05) present in this system,
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these parameters can be taken as representative for iron
cations with Co as nearest transition metal neighbors. The
room temperature °"Fe Mdossbauer parameters obtained
for these iron cations are very close to those obtained from
the ®"Fe transmission Mdssbauer spectrum of the 5% (rel-
ative to Co) iron originally built into the system (Tab. 2).
This suggests that in Lag gSro.2 > Feg.05C00.0503_5 ma-
jority of iron has cobalt as nearest neighbor transition
metal cation, i.e. the occurrence of cobalt-free iron clus-
ters must be rare. Furthermore, it indicates that iron
and cobalt are in a similar oxygen ligand environment
in this compound. At T = 4.2 K the EMS spectrum of
Lag.gSro.2 °Feg.05C00.90503_s (Fig. 4) displays an average
hyperfine magnetic field ((B)) of 46.2 T (Tab. 2), which
is significantly smaller than that expected for high spin
Fe3* (~50 to 55 T). At the same time, the magnetic sex-
tet displays broad Mdossbauer lines, and a corresponding
distribution of the magnetic field. Although a very simi-
lar magnetic distribution can be found in the 5"Fe TMS
spectrum of Lag.gSro.2 °"Feg.05C00.9505_5 at T = 4.2 K,
the average magnetic field of the EMS spectrum is higher
than that of the TMS spectrum (Tab. 1). The difference
of the magnetic distributions of the TMS and EMS spec-
tra can be seen in Figure 11. While in the case of the
transmission spectrum the magnetic distribution function
shows a characteristic peak at about 42 T with a small
shoulder towards lower magnetic fields, in the case of the
emission Mossbauer spectrum a broader peak shows up
at around 48 T. This difference in the magnetic distribu-
tions can be understood if one takes into account that the
EMS measurement corresponds to iron cations in cobalt
sites, and so it reflects not only the local magnetic en-
vironment of the iron containing cobalt clusters, but also
those of the iron free regions. The fact that the (originally)
iron free clusters can be characterized by higher hyperfine
magnetic fields, may also be a consequence of their mag-
netic relaxation being slower because of their larger size.
This suggests that due to iron substitution relatively large
cobalt clusters become broken up into smaller ones.
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In La,o_gsro_g 57Feo_05COO.95O3_5 only small magne-
toresistance effect can be observed at room temperature.
The MR ratio increases monotonically with decreasing
temperature, however the dMR/dT changes abruptly at
65 K and 180 K. These two transition temperatures are
well identified in AC magnetic susceptibility records.

The temperature dependence of the relaxation rate
of iron spins (as most obviously reflected by Figs. 3
and 10) clearly correlates with that of magnetoresistance
(Fig. 2). This suggests that negative magnetoresistance in
Lag gSro.2 °"Feg.05Co0.9503_5 may be related to the rate
of superparamagnetic-like relaxation of nanometer sized
magnetic clusters. The slowing down of magnetic relax-
ation, at the same time, may be a consequence of an
increasing cluster size or the gradual freezing of the glassy
spin structure with decreasing temperature.

Our results indicate that Lag gSrg.2 °"Feg.05C00.9503_s
develops a cluster glass magnetic structure below T =
65 K (Fig. 2). We suggest that the magnetic behav-
ior of iron reflected by the °’Fe Mossbauer spectra of
Lag.sSro.2 °Feg.05C00.0503_s (Fig. 10) is also a conse-
quence of the relaxation of small superparamagnetic-like
cobalt clusters to which iron is bound tightly by a strong
Fe-Co magnetic exchange interaction. The size of these
clusters, and consequently their characteristic relaxation
time as well as their characteristic magnetic field may have
a temperature dependent distribution in the sample. A
strong Fe-Co magnetic exchange interaction can result,
even above T' =~ 150 K, in the formation of locally ordered
magnetic clusters consisting of iron as a nucleation cen-
tre along with a few neighboring Co cations being ordered
because of their preferred magnetic orientation relative to
that of the nucleation centre.

At the same time, in contrast to results pub-
lished in [4], and in agreement with [13,14],
Lag gSro.2 °"Feg 05C00.9503_5 does not display con-
siderable magnetoresistance above T =~ 150 K.

The 5"Fe Mossbauer parameters (Tabs. 1-2) clearly
reflect that iron exists in the form of Fet in the in-
vestigated systems. Thus, theories [16] that explain the
effect of iron substitution on the electric properties of
Lag gSro.oFe; Co1_503_5 by a preferred formation of Fe**
instead of Co**t cannot hold. Our results do not exclude,
however, the possibility of occasional hopping of an elec-
tron from Fe3T to a neighboring cobalt cation. But any
Fe**t cation formed in this way must have a very short
lifetime compared to the mean lifetime of the *’Fe nu-
cleus, such that the probability of finding iron in the Fe**
state is negligible compared to the probability that we find
it in the Fe3* state.

5 Conclusions

57Fe Mossbauer spectroscopy and AC magnetic suscep-
tibility measurements revealed that below T =~ 65 K
Lag gSro.2 %" Feg.05C00.9503_5 develops a cluster glass
magnetic phase. The relaxation of iron magnetic mo-
ments, revealed by the °"Fe Mossbauer spectra, was
interpreted as an evidence for the existence of small
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superparamagnetic-like cobalt clusters. It was suggested
that in Lag gSrg.2 °"Feg.05C00.9503_s iron serves as a nu-
cleation centre for magnetically ordered small Co clusters
due to a strong Fe-Co magnetic exchange interaction.

Magnetotransport measurement has shown that in
Lag.gSro.2 °"Feg.05C00.9503_5 above T ~ 150 K the mag-
netoresistance effect is negligible.

On the basis of the °"Fe Mossbauer parameters
of Lag.gSro.2 " Feg.05C00.9503_s the assumed [16] pres-
ence of a preferential electronic charge compensation
Fe?t — Fe*t over that of Co?t — Co*t could be ex-
cluded in this compound.
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