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The structure and the magnetic properties of nanopowdered samples of La1=3Sr2=3FeO3�c with

average particles size d in the range of 67-367 nm prepared by a sol-gel method were investigated

in detail. The samples were characterized by X-ray diffraction, scanning electron microscopy,

specific heat, M€ossbauer spectroscopy, ac susceptibility, and magnetization measurements.

Exchange bias with vertical magnetization shift was found in all samples. Charge ordering and

antiferromagnetism were observed close to 200 K for large particles (d � 304 nm) samples, while

for particles with intermediated and smaller values (d � 156 nm) a cluster-glass like behaviour and

a short range charge ordering were seen near 115 K and 200 K, respectively. The spin-glass like

and exchange bias behaviour in nanopowdered samples of La1=3Sr2=3FeO3�c are associated to

compact Fe3þ antiferromagnetic (AF) clusters caused by an oxygen deficiency, which was found to

be higher in the samples with the smallest average particles sizes. The effect of exchange bias and

vertical magnetization shifts are explained by a simple model involving the interaction of one AF

phase with a canted AF phase. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868685]

I. INTRODUCTION

The perovskite oxide system La1�xSrxFeO3�c (LSFO)

(0 � x � 1) has attracted great scientific1–6 and technological

attentions.7–12 They can be used, for instance, in fuel cells

technologies and in gas sensors. Their physical properties are

strongly influenced by their chemical composition and by

their crystalline structures. For instance, LaFeO3 (LFO) exhib-

its an orthorhombical structure with space group Pbnm and it

is an antiferromagnetic (AF) insulator with a N�eel temperature

TN of approximately 750 K.13 The structure of SrFeO3 (SFO),

on the other hand, is cubic with a space group Pm-3m and it is

a metallic AF with a TN of 134 K.14 Thus, by replacing La3þ

by Sr2þ one observes an increase in the electronic conduction

and a reduction in TN.15 The ionic substitution increases the

valence state of Fe ion from 3þ (LFO) to 4þ (SFO). For low

Sr concentrations (0 � x � 0:3), magnetic measurements

indicated the existence of weak ferromagnetism with the

spontaneous magnetization decreasing with increasing Sr con-

tent.16 At intermediate Sr concentration, a sequence of Fe3þ

and Fe4þ observed at low temperature has been explained on

the basis of the local charge ordering (CO) state.17 Besides,

for concentrations close to 2/3 a charge ordering has been

observed with a Verwey transition temperature TV of about

210 K.5 Charge disproportion occurs on the Fe sites, from on

average valence state Fe3.67þ in the paramagnetic phase into a

mixture of 2Fe3þ þ 1Fe5þ in the antiferromagnetic CO state

below 210 K.18,19 Moreover, the antiferromagnetic (JAF) and

ferromagnetic (JF) superexchange interactions between the

pairs Fe3þ-Fe3þ and Fe3þ-Fe5þ, respectively, were found to

be consistent with both charge and spin ordered structures.20

Inelastic neutron scattering has been used to determine the

values of JF and JAF. The measured exchange ratio JF=JAF

(jJF=JAFj > 1) was found to fulfill the criterion for CO driven

by magnetic interactions.21

Despite the extensive literature and well elaborated stud-

ies in bulk materials, some open questions in nanoparticles

demand for more theoretical and experimental work. For

example, polycrystalline samples of La1=3Sr2=3FeO3�c with

average particle size in the range of 80–2000 nm have been

studied by magnetization and specific heat measurements.22

The authors have argued that the charge ordering state could

be suppressed by reducing the particle size. Moreover, the

high coercivity hysteresis behavior observed at room temper-

ature in the samples with diameter less than 300 nm was

interpreted by weak ferromagnetism attributed to the lattice

distortion.

Recently, Sabyasachi et al.23 have studied bulk and

nanocrystalline LSFO with this same sample concentration

by using ac and dc magnetization, M€ossbauer spectroscopy,

and polarized neutron diffraction. At room temperature, the

bulk sample is paramagnetic, while the nanocrystalline is

not. An exchange-bias effect was observed in the nanocrys-

talline samples at 5 K, which was attributed to a phase sepa-

ration caused by a destabilization of the charge ordering

state. Moreover, the frequency dependence in the ac mag-

netic susceptibility below 65 K was interpreted as a cluster-

glass (CG) state. Nevertheless, the origin of the spin glass

behaviour and its relation to exchange bias (EB) are not very

clear.

In this work, we synthesize high quality LSFO samples

within a broad range of average particle size (67–367 nm)

for x¼ 2/3 by using a sol-gel method. The samples were

characterized by X-ray diffraction (XRD), scanning electron

microscopy (SEM), M€ossbauer spectroscopy, specific heat,

magnetization, and ac magnetic susceptibility measurements.

All samples studied here are paramagnetic at room tempera-

ture and display exchange bias with vertical magnetization

shift at 5 K. The nanoparticulated powder showed spin-glass

behaviour and short-range charge ordering for intermediate
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and small particle sizes, while for larger particle sizes anti-

ferromagnetism and charge ordering are the dominating

magnetic states. Moreover, we show that the effect of spin

glass and exchange bias is related to oxygen deficiency.

Finally, the room temperature high coercivity and the large

magnetic moments values reported in Ref. 22 for particles

with average size smaller than 300 nm were not observed in

the samples investigated in the present work.

II. EXPERIMENTAL

La1=3Sr2=3FeO3�c (LSFO) perovskites were prepared by

using a sol-gel method. La(NO3)3�6H2O, Sr(NO3)2,

Fe(NO3)3�9H2O, ethylene glycol, and citric acid monohy-

drate were used as the raw materials. Few steps are required

for synthesizing the samples. First, 1M-aqueous solutions for

each of the metal nitrates and for the citric acid were pre-

pared. Next, appropriate volumes according to the atomic ra-

tio of La, Sr, and Fe in La1=3Sr2=3FeO3�c of the metal nitrate

solutions were poured into a beaker and mixed. A volume of

the citric acid solution similar to the mixture of metal nitrate

solution was then added to the beaker and mixed for homog-

enizing the final solution. For instance, for producing 1 g of

sample material a ratio of 1.02:0.09:1.05:1.66 cm3 for the

volumes of the lanthanum nitrate, strontium nitrate, iron ni-

trate, and citric acid solutions, respectively, is required.

Subsequently, the solution was evaporated for about 4 h at

100 �C to form a gel. The gel was then crushed and decom-

posed at 400 �C for 2 h. Finally, it was divided in four parts

and calcinated in air for 4 h at 900 �C, 1000 �C, 1100 �C, and

1200 �C. These samples will be referred from now on,

respectively, as LSFO900, LSFO1000, LSFO1100, and

LSFO1200.

Diffraction (XRD) patterns were obtained by using the

Cu-Ka radiation and by recording the data every 0.02� at a

sweeping rate of 2�/min. The MAUD code24–26 and the

Rietveld procedure were employed for refining the XRD

data allowing the determination of the average size of the

crystallites and of the crystalline structures. A scanning

electron microscope Tescan-MIRA3 LMU was used for

analyzing the microstructure of the samples. For these anal-

yses, a droplet made of small amounts of the powder sam-

ples dispersed in ethanol was placed on carbon tapes. 57Fe

M€ossbauer effect measurements were carried out at room

temperature by using a constant acceleration spectrometer,

operating in the triangular wave mode, and by using a 57Co

source in a rhodium matrix, in the conventional transmis-

sion geometry. The spectrometer was calibrated with a

25 lm thick a-Fe foil. The magnetization, the specific heat,

and the ac magnetic susceptibility were measured by using

a Physical Properties Measurement System—PPMS made

by Quantum Design.

III. RESULTS AND DISCUSSION

XRD patterns for LSFO samples calcinated at different

temperatures are shown in Fig. 1. All samples were found to

be single phase within the resolution of the XRD technique.

The diffraction peaks were refined using a perovskite-type

rhombohedral structure with space group R�3c in the trigonal

system. The crystallite sizes obtained from the refinements

were 67 nm, 156 nm, 304 nm, and 369 nm for the LSFO900,

LSFO1000, LSFO1100, and LSFO1200, respectively. A

slight contraction in the lattice parameters with increasing

particle size was observed (see insets of Fig. 1). This

behaviour has been interpreted as due to a deficiency in the

FIG. 1. XRD patterns for nanopowder

samples of La1=3Sr2=3FeO3�c calcined

at 900 �C (a), 1000 �C (b), 1100 �C (c),

and 1200 �C (d). The inset shows the

lattice parameters a and c as a function

of the average particle size.
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oxygen content, which becomes even more important in the

samples with the smallest average particle sizes.27,28

The morphology, the nanometric nature, and the particle

size distribution of the calcined samples were investigated

by SEM and the results are shown in Fig. 2. Despite the fact

that the particle size distributions are relatively wide, the av-

erage particle size was found to vary substantially with the

calcination temperature. The morphology of the particles

was found to be homogeneous despite the large particle size

variation produced by the sol-gel technique and by the calci-

nation temperature. Moreover, the average particle sizes

observed by the SEM micrographs are in good agreement

with those obtained by XRD.

The main part of Fig. 3 shows hysteresis loops for the

calcined samples obtained after cooling the samples from

room temperature down to 5 K at an applied magnetic field

of 50 kOe. It is interesting to notice the presence of horizon-

tal and vertical shifts in the hysteresis loops induced by the

cooling field. Asymmetric shifts have been observed in dilute

alloys,29 thin films,30 and structured nanoparticles.31 In the

present work, we have adopted the more currently used

name, i.e., exchange-bias effect, to refer to the shift along

the magnetic field axis. Moreover, the values for the corre-

sponding exchange-bias field and vertical magnetization shift

were found to increase with decreasing values of the average

particle size (see Fig. 3(b)). The order of magnitude of the

exchange-bias fields is also close to the ones observed by

Sabyasachi et al.23 However, the coercivities measured by

those authors are substantially larger than the ones reported

here. Besides, the high coercivities at room temperature

reported in Ref. 22 were not observed in the samples used in

the present work. Indeed, the samples used in the present

work were found to be paramagnetic at room temperature as

expected for this sample composition (x¼ 2/3) and shown

by the hysteresis loops in Fig. 4. We can see from Fig. 4 that

at room temperature the magnetization increases with the

calcination temperature. This behavior is due to the fact that

the ratio of Fe4þ/Fe3þ does also increase with the calcination

temperature, leading to a higher magnetization at the highest

applied field. Hysteresis loops measured at 5 K under zero

field cooled (ZFC) are shown in the inset of Fig. 4, where we

can see behaviors symmetric around the origin due to the ex-

istence of weak ferromagnetism. Remanent magnetization

was also found to increase with the calcination temperature.

This behavior is consistent with the fact that the spin-canting

is higher in samples calcinated at higher temperatures.

FIG. 2. SEM images for nanopowder samples of La1=3Sr2=3FeO3�c calcined

at 900 �C (a), 1000 �C (b), 1100 �C (c), and 1200 �C (d). The insets are the

corresponding particle size histograms.

FIG. 3. Magnetic hysteresis loop for the calcined samples of LSFO meas-

ured at 5 K after cooling the samples at a magnetic field of 50 kOe (a). The

inset of Fig. 3(a) shows a zoom around origin. The dependence of the coer-

cive field Hc (open triangles), exchange-bias field HB (closed square), and

the magnetization shift (open circles) with the average size of the nanopar-

ticles is shown in (b). The lines are guide to the eyes.

FIG. 4. Magnetic hysteresis loop for the calcined samples of LSFO meas-

ured at room temperature. The inset are hysteresis loops measured at 5 K af-

ter cooling the sample with no applied field.
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The temperature dependence for the ZFC and field

cooled (FC) magnetizations is shown in Fig. 5. For samples

LSFO1100 and LSFO1200, the ZFC magnetization curves

decreases with increasing temperature reaching a minimum

at around 170 K, after shows an abrupt increasing with a

peak around 200 K. After this temperature, the curves

decrease linearly with the temperature, in good agreement

with the measurements obtained by other groups.5,27 This

behavior could be attributed to charge ordering transition

and antiferromagnetic ordering temperatures TCO and TN,

which are both close to 200 K for these samples.

The other samples, LSFO900 and LSFO1000, show

more complex magnetization curves. In a scale almost three

times smaller, the curves increase with increasing tempera-

ture showing a little plateau around 120 K and further a peak

around 200 K, but after this temperature, the curves decrease

with the temperature non-linearly. A similar behavior, with a

broad peak around 150 K, was observed by Wu et al.27 in a

sample with oxygen vacancy. Moreover, the ZFC and FC

curves cross each other near 150 K.

The temperature dependence for the in-phase compo-

nent of the ac magnetic susceptibility (v0) is shown in Fig. 6.

The measurements were performed by keeping the magni-

tude of the ac magnetic field constant (hac ¼ 10 Oe) and by

setting the frequency (f) at 100 Hz, 1 kHz, and 10 kHz. While

no significant effect is observed for the samples with large

particles (LSFO1100 and LSFO1200), a bump which

shifts towards high values of T with increasing values of f
was observed for the other two samples (LSFO900 and

LSFO1000).This behaviour is a signature of spin-glass like

systems. The temperature dependence of the ac susceptibility

of a cluster-glass is actually given by a somewhat broad

cusp. Besides the cusp, a peak at TN and TCO near 200 K at

the T-dependence of the dc magnetization for samples

LSFO900 and LSFO1000 is also expected. However, the

magnetization for these samples is significantly smaller than

those for the other two samples (see Fig. 5). Moreover, the

peaks at TN and TCO are close to the spin-glass-like transition

temperature. So, the superposition of the cusp with the peak

at TN and TCO yields the broader peaks observed in Figs. 6(a)

and 6(b) in contrast to the sharper ones observed in Figs.

6(c) and 6(d). The f-dependence of v0 for samples LSFO900

and LSFO1000 was analyzed by using the critical slowing

down model.32 Within this model, the relaxation time s is

given by

s ¼ s0

�
Tf

Tg
� 1

��z�

; (1)

where s0 is the characteristic time scale of the system, Tg is

the spin glass transition, Tf is the temperature corresponding

to the peak of v0 (freezing temperature), and z and � are the

critical exponents. The correlation time s, determined by the

reciprocal of the frequency of the driving ac field, was plotted

against the reduced temperature ðTf

Tg
� 1Þ in a log-log plot for

samples LSFO900 and LSFO1000. These results are shown in

Fig. 6(e). The linearization of the data was obtained by using

Tg¼ 115.34 K (114.71 K) in the calculation of the reduced

temperature for LSFO900 (LSFO1000). The LSFO900

(LSFO1000) data was then fit by using Eq. (1) yielding z�

¼ 7:23 6 0:42 (7:34 6 0:45) and s0¼ (2.18 6 0:32� 10�7 s)

[(2.22 6 0.34)� 10�7 s)]. The values for z� for these two

samples are in the range typically found for spin glass systems

(z� � 6� 12). However, the values of s0 are few order of

magnitude larger than those obtained for canonical spin-glass

(s0 � 10�13),33 although they are in good agreement with the

ones obtained for CG systems (s � 10�7 � 10�9).34,35

The overall results obtained through the magnetization

and ac magnetic susceptibility measurements are also con-

sistent with specific heat (cp) data obtained for the calcined

samples (Fig. 7). First, a large thermal hysteresis was

observed for the two samples with larger average particle

sizes (LSFO1100 and LSFO1200). This behaviour is typical

of first-order phase transitions and it is expected near the CO

transition temperature (TCO � 200 K). For LSFO900 and

LSFO1000, a bump in cp not seen in the other two samples is

observed at lower temperatures, while the peak near 200 K

for the first one seems to vanish. The bump plus the f-de-

pendence of v0ac are signature of spin-glass systems. The

spin-glass-like behavior plus a contribution to the M€ossbauer

spectrum (shown later in the paper) due to conversion of

Fe5þ into Fe3þ are clear indications that the long range cor-

relation formed by the Fe3þ-Fe5þ is not completed yet in

LSFO900 and LSFO1000. This, in turn, is also consistent

with the broadening and reduction of the peak near TCO=TN .

It is worth to reminder that these are the samples that

presented a significant frequency dependence in v0. Because

of the somewhat large particle size distribution, a residual

peak due to the long range order is still seen in the cp data

for the sample LSFO1000 but it is completely absent for

sample LSFO9000.
FIG. 5. Field-cooled (squares) and zero-field-cooled (circles) magnetizations

for calcined samples of LSFO measured for H¼ 100 Oe.
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A mechanism which is being attributed as responsible

for decreasing the magnetization and for establishing an

onset for a glassy phase at low temperatures is the oxygen

deficiency. This mechanism is also expected to be more im-

portant for the samples with smaller particle size. By

decreasing the oxygen content one would expect an increase

in the amount of Fe3þ with a correspondent decreasing in the

amount of Fe4þ. This effect unbalances the amount of ferro-

magnetic Fe3þ-Fe5þ (JF) and antiferromagnetic Fe3þ-Fe3þ

(JAF) bonds leaving the non-homogeneous distribution

which, in turn, leads to spin-glass like behavior. An unbal-

ancing in the nature of the bounds may also be obtained in

the absence of oxygen deficiency. For instance, spin glass

behavior was also observed in bulk samples of

La1�xSrxFeO3�c with x¼ 0.5, 0.55, and 0.6, at temperatures

around 160 K. However, in this set of samples the increasing

in the Fe3þ content is mainly due to the fact that the samples

have smaller concentration of their compositions.36

The scenario pictured above can be readily verified by

M€ossbauer spectroscopy. For instance, the spectra recorded

at 300 K for the calcined samples are shown in Figs. 8(a)

(LSFO1200), 8(b) (LSFO1100), 8(c) (LSFO1000), and 8(d)

(LSFO900). We were able to fit (solid lines) the spectra by

using two doublet curves, which are characteristics of para-

magnetic states. The doublet with lower isomer shift d was

assigned to the Fe4þ ions, while the higher isomer shift was

assigned to the Fe3þ following previously reported

results.2,37 The parameters used for fitting the spectra are

listed in Table I. It is important to stress that the area A under

the Fe3þ doublet curve is larger for the samples with smaller

FIG. 6. In-phase component of the ac

magnetic susceptibility measured for

hac ¼ 10 Oe and f¼ 100 Hz (open

circles), 1 kHz (open squares) and

10 kHz (open diamonds) for samples

calcined at 900 �C (a), 1000 �C (b),

1100 �C (c), and 1200 �C (d). A log-

log plot of the relaxation time vs.

reduced temperature is shown in (e)

for samples LSFO900 (open circles)

and LSFO1000 (closed circles). The

solid and dashed lines are fit to a theo-

retical model.

FIG. 7. Specific heat data measured while heating up (•) and cooling down

(�) the samples.
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particle size. Moreover, the ratio of the doublet areas

Fe3þ/Fe4þ is 0.76 for LSFO900, while its value is 0.57 for

LSFO1200. The data listed in Table I were used for deter-

mining the ratio Fe3þ/Fe4þ yielding the corresponding

oxygen deficiencies c (¼0.170 for LSFO900, 0.0138 for

LSFO1000, 0.120 for LSFO1100, and 0.056 for LSFO1200).

The M€ossbauer spectra were also recorded at 10 K for

the samples with the largest (LSFO1200) and the smallest

(LSFO900) particle sizes. These results are shown in

Figs. 8(e) and 8(f). It was found that the spectrum for the

LSFO1200 samples could be fitted by using two sextets

only. The sextet with larger isomer shift (d¼ 0.382 mm/s)

was assigned to the Fe3þ ions, while the one with negative

and smaller isomer shift (d¼�0.015 mm/s) to the Fe5þ ions.

Note that this spectrum is similar to the M€ossbauer spectrum

of the nanoparticulate sample of Sabyasachi et al.23

However, in order to make a good fit in the spectrum for the

LSFO900 sample, a third sextet with higher hyperfine field

and higher isomer shift has to be assigned to Fe3þ following

the procedure used by other research groups for these sample

materials.5,37 The fitting parameters for the spectra recorded

at 10 K are listed in Table II. The value of the Hhf

(¼53.56 T) for the Fe3þ yielded by fitting of the additional

sextet in LSFO900 is significantly higher than the one for the

Fe3þ ions in LSFO1200. However, values of Hhf for Fe3þ

were also found in the range of 54-56 T for bulk samples of

La0.6Sr0.4FeO3 and LaFeO3.5,37 In the particles model dis-

cussed below, it is believed that the LSFO900 sample is

composed by two types of magnetic clusters. The first one is

a soft phase where the ferromagnetic interactions Fe3þ-Fe5þ

dominate, while the second phase is a hard antiferromagnet

in character with predominant Fe3þ-Fe3þ interactions yield-

ing the large value for Hhf. We believe that the competition

among these two phases leads to the spin-glass phase and to

the exchange-bias effect reported above.

The value of A determined by the sextets used for fitting

the M€ossbauer spectra at 10 K allows one to estimate the ra-

tio of the amount of Fe3þ and Fe5þ ions present in the sam-

ples. For instance, by taking the ratio of the areas given in

Table II for sample LSFO1200 one gets 1.88. This is a value

close to 2, which is the value required for the ratio of

Fe3þ/Fe5þ for a full charge ordering to take place. However,

the ratio Fe3þ/Fe5þ for the LSFO900 sample is 2.44. This

value is substantially higher than 2 and it indicates that the

long range CO cannot be established leading to a short range

charge ordering regime distinct of the Fe3þ and Fe4þ local

CO state.17 Indeed, it is expected the increase in the amount

of Fe3þ caused by oxygen deficiency to interrupt the

long-range sequence of Fe3þFe3þFe5þFe3þFe3þFe5þ allow-

ing the formation of compact Fe3þ AF clusters, with higher

hyperfine field. These AF clusters are magnetically similar to

an independent local phase. Since they have a stronger

hyperfine field, their exchange interactions are also stronger,

affecting the magnetic behavior in their neighborhood.

The magnetic behaviour in this system involves

exchange coupling between a “soft” AF phase (with Fe3þ

and Fe5þ) carrying a net moment due to spin imbalance and

FIG. 8. M€ossbauer spectra recorded at room temperature for samples

LSFO1200 (a), LSFO1100 (b), LSFO1000 (c), and LSFO900 (d), and at

10 K for samples LSFO1200 (e) and LSFO900 (f). The lines are doublet and

sextet components used for fitting the data.

TABLE I. M€ossbauer parameters for LSFO samples at room temperature.

Sample Site d (mm/s) DEQ (mm/s) A (%)

LSFO900 Fe4þ 0.064 0.156 56.9

Fe3þ 0.238 0.163 43.1

LSFO1000 Fe4þ 0.085 0.105 58.9

Fe3þ 0.227 0.109 41.1

LSFO1100 Fe4þ 0.077 0.102 59.9

Fe3þ 0.249 0.115 40.1

LSFO1200 Fe4þ 0.079 0.151 63.6

Fe3þ 0.291 0.168 36.4

TABLE II. M€ossbauer parameters measured at 10 K.

Sample Site Hhf (T) d (mm/s) eQ (mm/s) A (%)

LSFO1200 Fe3þ 45.75 0.382 0.036 65.3

Fe5þ 26.41 �0.015 0.015 34.7

LSFO900 Fe3þ 45.53 0.379 0.032 49.1

Fe5þ 26.80 �0.005 0.021 29.1

Fe3þ 53.56 0.439 0.072 21.8
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a “hard” AF phase (with only Fe3þ). Fig. 9 shows a sche-

matic representation, based on Refs. 17 and 20, of a simpli-

fied (one-dimensional) magnetic configuration proposed to

phenomenologically explain the magnetic behaviour in our

samples. At the top of Fig. 9 is shown the representation of

the “soft” AF phase, where we can see a small canting of the

spins in the AF bonds. When the “soft” phase is dominant, it

is observed long-range CO as in the samples LSFO1100 and

LSFO1200. Particularly in the LSFO1200 sample, where the

presence of the hard phase is very small, weak ferromagnet-

ism is too observed (inset of Fig. 4).

The increase of “hard” phase caused by oxygen defi-

ciency in the smaller particles interrupts the long-range CO

state so that the “soft” phase remains in isolated clusters,

allowing for the development of cluster-glass behaviour.

Magnetic EB is a phenomenon whereby the hysteresis

loop of a “soft” magnetic phase is shifted by an amount HB

along the applied field axis owing to its interaction with a

“hard” magnetic phase. The interfaces between the hard and

soft phases, commonly, are between an antiferromagnetic

phase and a ferro- or ferrimagnetic phase.38,39 However, sim-

ilar to the results presented here, EB also has been observed

in systems with a canted AF phase acting as the “soft” mag-

netic phase, and a balanced AF phase acting as the “hard”

magnetic phase.40 Some local realignment of spins close to

the interface is required to yield the observed EB behavior.

Feþ3 ions belongs to soft phase at the interface with the hard

phase pinned (bottom of Fig. 9), making it harder leading to

EB and vertical magnetization shifts observed in our

samples.

IV. CONCLUSIONS

The magnetic properties of high quality nanoparticulate

samples of the La1=3Sr2=3FeO3�c perovskite were investi-

gated in detail by using magnetization, ac susceptibility, and

specific heat measurements. Exchange bias with vertical

magnetization shift was found in all samples. The samples

with average particles sizes of 304 nm and 369 nm presented

simultaneously long range charge ordering and antiferromag-

netism below about 200 K. For the samples with average par-

ticle size of 67 nm and 156 nm, instead, the samples shown

short range charge ordering and a spin-glass like phase with

a Tg around 115 K. The f-dependent contribution of v0ac was

found to be more significant in the temperature range of

100–200 K, plus the FC and ZFC behavior and the bump in

the cp data, allowed us to conclude that in this range of tem-

perature the behavior is similar to the one expected for

spin-glass like phase. Moreover, the f-dependence of v0ac was

also found to be consistent with the critical slowing down

model yielding parameters that are in agreement with those

expected for such systems. These results were interpreted as

been due to compact Fe3þ clusters caused by oxygen defi-

ciency in the sample composition which, in turn, unbalances

the amount of the ferromagnetic and antiferromagnetic

bonds. It is also more important in the samples with the

smallest particle size. The presence of oxygen deficiency in

nanopowder samples is in good agreement with the observa-

tions made by M€ossbauer spectroscopy.
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