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Different hybrid structures were obtained by coating magnetic nanoparticles of perovskite type

manganite at optimal doping (La0.67Sr0.33MnO3,LSMO) with different quantities of polypyrrole

(PPy). The amorphous layer of polypyrrole surrounding the crystalline magnetic core was observed

by high resolution transmission electron microscopy (HRTEM) and analyzed by using X-ray

photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) measurements in near

edge structure (XANES) techniques. By analyzing the magnetic behavior of the samples one can

observe that the surface modification of magnetic nanoparticles by PPy results in an increase in the

saturation magnetization of the composites. The process is ascribed to paired electrons transferred

from the delocalized p states of the PPy into the outer disordered layers of the manganite. The

analysis of pre-edge peak of the Mn K-edge XANES spectra in the case of PPy coated LSMO

nanoparticles indicates that the charge transfer between polymer and nanoparticles is (directed) going

to missing or distorted oxygen positions, hence increasing the 3d electrons’ mobility and orbital

hybridization between the neighboring manganese ion. As a consequence, within the surface layers

of LSMO nanoparticles, both energy bands disrupted the structure, and the double exchange process

between Mn ions was reestablished determining the saturation magnetizations and pre-edge features

increase, respectively. VC 2012 American Institute of Physics. [doi:10.1063/1.3686662]

I. INTRODUCTION

The development of magnetic core-shell nanoparticles

with a magnetic core and a polymeric shell offers the advant-

age of tailoring the magnetic properties and functionalizing

the magnetic particles. The combination of conducting poly-

mers and inorganic magnetic nanoparticles produces various

nanocomposites with the specific properties required by a

wide range of applications in the following: biotechnology,

electromagnetic interference shielding, microwave absorb-

ing, magnetic separation.1–3

Surface modification of magnetic nanoparticles by

coating with surfactants or polymers may produce impor-

tant changes of their magnetic properties.4,5 By adjusting

the coating layers, one can induce changes in the nanopar-

ticles’ surface spin disorder and interparticle interactions;

this results in different values for the characteristic parame-

ters like saturation magnetization, coercitivity, and mag-

netic anisotropy of the nanoparticles obtained by different

procedures.6–12

In this work, we report the synthesis and characteriza-

tion of novel core-shell hybrid organic-inorganic nanostruc-

tures, consisting in the deposition of a conjugated polymer

layer on the magnetic La0.67Sr0.33MnO3 (LSMO) nanopar-

ticle surfaces. We focus especially on the polymer nanopar-

ticle interface-properties’ relationship and optimization of

the nanocomposites physicochemical characteristics to

make them suitable for biotechnology. Different hybrid

structures were obtained by coating magnetic LSMO nano-

particles with different shell thickness of polypyrrole (PPy).

The thin amorphous layer of polypyrrole surrounding the

crystalline magnetic core was observed by high resolution

transmission electron microscopy (HRTEM) and analyzed

by using X-ray photoelectron spectroscopy (XPS), magnetic

measurements, and XAS techniques. The surface modifica-

tion of magnetic nanoparticles by PPy coatings results in an

increase in the saturation magnetization that can be corre-

lated with the XANES pre-edge absorption peaks of the

Mn-K edge.

II. EXPERIMENTAL

A. Samples preparation

A two step procedure was used to obtain these

novel core-shell nanostructures. First, the La0.67Sr0.33MnO3

(LSMO) manganite was prepared by a sol-gel procedure using

diethylenetriaminepentaacetic acid as the gelling agent.13–16

The corresponding metallic oxides and Mn(CH3COO)2 H2O,

in the necessary stoichiometric ratio, were used as precursors.

They were introduced in HNO3 aqueous solution to obtain the

corresponding nitrates. The molar ratio metal: gelling agent

was set to 1:1.5. The reaction mixture was evaporated for 24 h

at 250 �C, and a black powder was obtained. This powder was

a)Author to whom correspondence should be addressed. Electronic mail: lor-
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0021-8979/2012/111(4)/044309/8/$30.00 VC 2012 American Institute of Physics111, 044309-1

JOURNAL OF APPLIED PHYSICS 111, 044309 (2012)

Downloaded 23 Feb 2012 to 128.103.149.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3686662
http://dx.doi.org/10.1063/1.3686662
http://dx.doi.org/10.1063/1.3686662


annealed for 2 h at 700 �C, and then it was used for the prepa-

ration of core-shell LSMO@PPy nanocomposites.

The magnetic nanocomposites based on polypyrrole

were prepared by oxidative polymerization of pyrrole (Py) in

aqueous solution using ammonium peroxodisulfate (APS) as

an oxidant in the water based manganite. As seen in Table I,

an oxidant/pyrrole molar ratio Ox/Py¼ 0.2 and various ratios

of Py/LSMO were used for the preparation of the investi-

gated samples. LSMO nanoparticles were sonicated for 1 h

at 80 �C in water with or without oleic acid (11.7 mmol).

After decreasing the temperature below 10 �C, the other

reagents were added in the solution. The polymerization

reaction time was 5 h. The resulted samples appeared as a

black precipitate. Each sample was washed with methanol,

water, and again with methanol. Finally, there were dried in

an oven at 60 �C. Changing Py/LSMO ratios between 0.66

and 10, three samples, labeled 1–3, were prepared by using

this method. The initial ratios utilized in the synthesis are

shown in the second and third columns of Table I. LSMO

nanoparticles uncovered with PPy were also kept for com-

parison (sample labeled LSMO).

B. Characterization methods

The morphology of the magnetic nanoparticles and of

the PPy based magnetic nanocomposites was determined by

transmission electron microscopy (TEM) and high resolution

TEM (HRTEM) using 1010 JEOL and Hitachi H9000NAR

transmission electron microscopes. X-ray photoelectron

spectroscopy (XPS) associated with Ar ion etching was used

for qualitative and quantitative compositional analysis of

nanocomposites, using a SPECS custom built system. The

magnetic characterization of bare LSMO and PPy coated

magnetic nanoparticles was recorded by using a vibrating

sample magnetometer (VSM) produced by Cryogenic Ltd.

The temperature dependence of the magnetization at a low

applied field (0.01 T) under zero-field cooling (ZFC) and

field-cooling (FC) conditions was determined using a Quan-

tum Design commercial SQUID magnetometer (MPMS

XL7). X-ray absorption spectroscopy (XAS) measurements

in near edge structure (XANES) region were performed at

the Hasylab synchrotron radiation facility at DESY, Ham-

burg, on beamline A1 of the Doris III storage ring. Powder

samples were pressed into pellets with cellulose and meas-

ured in transmission mode.

III. RESULTS AND DISCUSSIONS

As an example, HRTEM images of the magnetic nano-

composites are given in Fig. 1(a). Figure 1(b) represents an

enhanced detail of one nanoparticle from Fig. 1(a). One can

observe that the darker LSMO nanoparticles are surrounded

by a clearer layer of polymer. This layer is approximately

1.5–3.5 nm thick. Different crystalline atomic planes can be

distinguished for some nanoparticles. The distance between

the atomic planes, as seen in Fig. 1(b), is about 2.15 Å and

corresponds to the (100) family planes. Also, in Fig. 1(b),

one can observe that the polymer surrounding the LSMO

nanoparticle seems to be strongly adhesive onto its surface,

thus resulting into a very intimate core-shell connection

between the two components. As a consequence, an impor-

tant interaction between PPy and the surface layers of the

TABLE I. Initial synthesis conditions for LSMO@PPy samples and weight

contents as resulted from XPS analysis.

Synthesis conditions Weight contents resulted from XPS

Sample

Py/LSMO

molar ratio

Oleic acid as

surfactant

LSMO

wt%

PPy

wt%

Oleic acid

wt%

LSMO – yes 96.3 – 3.7

LSMO@PPy 1 0.66 yes 82.8 14.3 2.9

LSMO@PPy 2 3.33 no 43.7 56.3 –

LSMO@PPy 3 10 yes 22.2 68.3 9.5

FIG. 1. (a) HRTEM images of LSMO nanoparticles covered with PPy. (b)

Enhanced detail evidencing the core-shell structure resulted by PPy attach-

ment. The atomic planes corresponding to the (100) family of LSMO can be

seen in (b).

044309-2 Pana et al. J. Appl. Phys. 111, 044309 (2012)
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nanoparticles is expected to occur. A TEM ensemble image

is presented in Fig. 2 where one can observe that, in certain

cases, the nanoparticles show some of the tendency to form

spherical bundles wrapped within a polymeric “cloud.” This

could be attributed to dipolar magnetic interactions favoring

the cluster formation.

The compositions of PPy coated LSMO nanoparticle

samples were determined by using the XPS technique. The

excitation was made by using the Al anode of the X-rays

source (ht¼ 1486.6 eV). The manganese 2p and the pyrrolic

nitrogen 1s core-levels peaks were used for quantitative

determinations. The nitrogen content was also correlated

with the carbon concentrations belonging to the polymeric

chains (C 1s core-level). Additional carbon is present in

spectra due to the oleic acid as surfactant molecules. As an

example, the recorded XPS spectra of Mn 2p core-level dou-

blet of sample 3 together with the corresponding deconvolu-

tions and the fitted curve are shown in Fig. 3. In the

manganese case, the deconvolution was realized by using

Mn3þ and Mn4þ doublet states as components. In Fig. 3, the

Mn3þ and Mn4þ peaks are labeled A and B, respectively.

As expected, two additional satellite peaks, situated at

around 653 eV and 656 eV, respectively, were also seen.17

The restrictions used for the fit of Mn 2p XPS spectra

refer to the relation between areas of the two components,

A1/2¼A3/2/2. The ratios between (3/2) and (1/2) line

widths were set between 1 and 1.1. The integral intensities

were calibrated by using the real sensitivity, transmission,

and electronic mean free path factors. The calculation of

the corresponding weight concentrations were made by

dividing the integral intensities to the specific attenuation

lengths of each component of the hybrid system.

The values of the attenuation lengths were calculated

upon Cumpson and Seah18 and are as follows: 0.985 nm for

LSMO concerning Mn 2p core-level, 2.3 nm and 2.14 nm for

PPy and oleic acid, respectively, as referring to the C 1s
core-level peaks. The weight contents of LSMO, PPy, and

oleic acid in case of the composite samples, as determined

by XPS, are shown in Table I. The knowledge of the weight

content of manganite in each sample is necessary for the

absolute calculation of magnetizations.

The magnetization curves at room temperature of the

bare LSMO nanoparticles together with the LSMO/PPy

nanocomposites are presented in Fig. 4. The values of the

magnetizations are normalized to the LSMO content of each

specific nanocomposite according to Table I. As expected,

the magnetization of different combinations of PPy and

LSMO nanoparticles together with the bare LSMO nanopar-

ticles covered or not with oleic acid as surfactant shows only

a very small hysteresis loop, which is consistent with super-

paramagnetic behavior.19 The continuous lines represent the

best fit based on the following equation:20

M H; Tð Þ ¼ MS

ð
V Dmð ÞL MSV Dmð ÞH

kBT

� �
f Dmð ÞdDmð

V Dmð Þf Dmð ÞdDm

: (1)

Here V(Dm) is the volume of the magnetic core of the nano-

particles expressed as a function of diameters Dm (“magnetic”

FIG. 2. TEM image of an ensemble of LSMO nanoparticles covered with

PPy. Spherical bundles wrapped within a polymeric “cloud” can be observed

in certain cases.

FIG. 3. (Color online) XPS recorded spectrum of Mn 2 p core-level doublet

of the LSMO@PPy 1 sample together with corresponding deconvolutions

and fitted curves. Peaks labeled A and B correspond to Mn3þand Mn4þ,

respectively. Two shake-up satellites are also present in the spectrum.

FIG. 4. (Color online) The magnetization curves vs applied magnetic field

at room temperature of the LSMO@PPy samples 1-3 and bare LSMO nano-

particle samples. The absolute magnetizations are calculated referred to the

LSMO content of each specific sample. The continuous lines represent the

best fits obtained for each sample using Eq. (1).

044309-3 Pana et al. J. Appl. Phys. 111, 044309 (2012)
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diameter), H is the applied external magnetic field, and f(Dm)

is the distribution of diameters (usually a lognormal distribu-

tion is considered). The calculations were performed follow-

ing the method presented in Turcu et al.12 The data fit was

realized selecting, for instance, only points corresponding to

the increasing magnetic field from the M(H) dependence. By

utilizing decreasing magnetic field data, the results of the fit-

ting process were the same. This is due to the fact that at

room temperature, the coercive field has indeed very small

values. Even if the system has a superparamagnetic behavior

both coercive field and remanent magnetization are present in

the M(H) dependences. They have very small values as com-

pared to usual ferromagnetic behavior. For our samples, at

room temperature, HC has values of about �15 Oe, being

three orders of magnitude smaller than the field value at which

the saturation process begins. HC values increase with

decreasing temperature. For all the composite and LSMO

samples, the corresponding remanent magnetizations are also

very small: 1.7 – 0.5 emu/g and 12.0 – 5.9 emu/g at room tem-

perature and 4.2 K, respectively. Therefore the area inside the

hysteresis loop is small but not zero. For instance, the hyper-

thermic effect is mainly based on this peculiar feature.

The fit parameters were: the magnetic mean size distri-

bution parameter D0m, the dispersion rm and the saturation

magnetization MS. The calculated values are presented in

Table II. The saturation magnetizations were normalized to

the corresponding LSMO content (column 4) and the number

of Bohr magnetons per formula unit, ls, was calculated by

using the values of MS.

Several facts should be noticed concerning the data

shown in Table II. First, by comparing the calculated mag-

netic diameters D0m with the diameters D0 as they resulted

from the analysis of TEM images of bare LSMO nanopar-

ticles and presented in Pana et al.,21 one can observe that the

calculated diameters are twice larger that the real values D0.

This fact represents an indication that due to the dipole-

dipole magnetic interactions between nanoparticles, there is

a tendency for cluster formation, each particle apparently

having a much larger magnetic diameter that the real one.21

To further check this hypothesis, the temperature

dependences of the magnetizations in the field-cooled (FC)

and zero-field cooled (ZFC) regimes for the LSMO nanopar-

ticles and the LSMO@PPy core-shell systems were meas-

ured and analyzed. The ZFC-FC data are presented in Fig. 5.

In the superparamagnetic regime, the difference between

FC and ZFC gives the thermo-remanent magnetizations

(TRMs). This way, starting from low temperatures and warm-

ing up the system, the deblocking process of magnetizations

begins first with small particles after which larger particles are

involved. This way, for any reached temperature, the value of

TRM represents the sum of the nanoparticle magnetic

moments that are still blocked. Deblocking occurs when the

thermal energy overcomes the anisotropy energy barrier

DEa.
25 In certain cases, an additional magnetic interaction like

TABLE II. The calculated values of weight contents of the samples as

resulted from XPS data. The last column contains the number of Bohr mag-

netons per formula unit, ls calculated from MS.

Sample

Dm

(nm) rm

MS

(emu/g of La0.67Sr0.33MnO3)

lS

(lB/f.u.)

LSMO 9.90* 0.175a 49.4a 2.0

LSMO@PPy 1 8.90 0.150 60.8 2.44

LSMO@PPy 2 8.05 0.185 80.5 3.24

LSMO@PPy 3 7.20 0.230 102.0 4.12

aValues for bare LSMO nanoparticles were taken from Pana et al. (Ref. 21).

FIG. 5. (Color online) Magnetization vs

temperature dependences under ZFC-FC

conditions for LSMO and LSMO@PPy

1 – 3 nanocomposites. The applied mag-

netic field was 0.01 T.

044309-4 Pana et al. J. Appl. Phys. 111, 044309 (2012)
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dipole–dipole coupling of neighbor nanoparticles influence

the height of the energy barrier and affects the blocking tem-

peratures of the nanoparticles.22–24 The temperature

dependence of the total mean height of the energy barriers for

a nanoparticle ensemble that are still magnetically blocked at

a given temperature T, hDEtot iT can be calculated by integrat-

ing the energy barrier distribution functions over the blocked

states (in the upward sense starting from a given T) following

Pana et al.21 It reflects both anisotropy and dipolar interac-

tions contributions in the superparamagnetic behavior, but

other interactions are also contained. The calculated tempera-

ture dependences of hDEtotiT for the bare LSMO sample to-

gether with PPy covered nanoparticle samples are presented

in Fig. 6. Above �40 K, the linear type dependences having

negative slopes, indicating that strong dipole–dipole interac-

tions are present between blocked nanoparticles in all the

cases. The absolute value of the slope is proportional to the

mean number of nearest neighbors h n i.21–24 Therefore

weaker interactions (lower h n i) are present in the case of

LSMO@PPy sample 3, which possesses a thick polymeric

shell as compared to the LSMO uncovered nanoparticles. The

blocking temperatures for dependences presented in Fig. 5

are: 210 K for LSMO and 187, 268, and 241 K for samples

1 – 3, respectively. These values reflect the pure anisotropy

density energy barrier coupled to the dipole–dipole magnetic

interactions producing effective higher energy barriers as

compared to the noninteracting situation.

A significant increase of the saturation magnetizations, MS,

for the LSMO@PPy composites as compared to the bare

LSMO nanoparticles represents the second important fact as evi-

denced in the fourth column of Table II. Typical values of the

saturation magnetization for polycrystalline Sr doped manganite

(x¼ 0.2�0.4), at room temperature, are within 40 – 65 emu/g

range,26–28 while at lower temperatures (20 – 50 K) they rise up

to around 90 emu/g.28–30

The increase of the saturation magnetization process

arises as a direct result of PPy attachment to the nanoparticle

surfaces. It should be noticed that the same type of increase

of MS has been reported for the oleic acid coating and PPy

coating of magnetite nanoparticles, respectively.5–12 It seems

that the attachment of organic molecules to the surface of

magnetic nanoparticles could induce a reduction of the sur-

face spin disorder resulting in an increase of the saturation

magnetization values.

In the case of the PPy coating of magnetite nanopar-

ticles,12 the process was correlated to a charge transfer pro-

cess arising from the conducting polymer to the surface iron

ions of magnetite. It involves the laterally delocalized p elec-

trons of the conjugated PPy that could penetrate under the

surface of nanoparticles.

In the present case, at the interface between polymer

and the nanoparticle, the delocalized p electrons of the PPy

penetrate the first atomic layers of LSMO, producing a trans-

fer of spin paired electrons from the polymer p energy band

to either Mn or O ion positions. The transfer to oxygen posi-

tions refers to surface missing or displaced O ions. The basic

mechanism for ferromagnetic spin correlations in hole doped

manganites (x¼ 0.15 – 0.45) is the double-exchange between

Mn3þ and Mn4þ positions intermediated by p orbitals of ox-

ygen ions. Near the surface of LSMO, due to the surface

local distortions, the double-exchange correlations are bro-

ken, resulting in a disordered (uncorrelated) system of mag-

netic moments. In the case of magnetic nanoparticles, the

uncorrelated spins form the so called outer magnetic disor-

dered shell. This effect is important for a nanoparticle of

5 nm diameter because the first two atomic layers contain

40 – 48% of the total number of contained atoms.31 It appears

that, in the case of a LSMO nanoparticle, by adding the PPy

external shell, the transferred spin paired electrons restores

the double-exchange and increases the magnetic order at the

surface layers, thus determining an increase of the surface

contribution to the overall magnetic moment.

Additional qualitative information concerning the sur-

face contribution to the magnetizations results by the com-

parative analyses of coercive field, HC, versus temperature of

nanocomposite samples together with LSMO bare nanopar-

ticles. In Fig. 7, there are presented the temperature depend-

ences of HC for samples 1 – 3 together with LSMO sample.

By decreasing the temperature, in case of polymer covered

samples, the coercive fields begin to increase in a more pro-

nounced manner as compared to LSMO nanoparticles. It is

FIG. 6. (Color online) Temperature dependences of mean energy barrier

heights for the LSMO sample together with the LSMO@PPy samples 1 – 3.

The inset shows the energy barriers distributions of mentioned samples as

resulted from first derivative of TRM.

FIG. 7. (Color online) Temperature dependences of the coercive field HC

for samples 1 – 3 together with LSMO sample.
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an indication that by increasing the PPy quantity, the mag-

netic anisotropy density also increases at all temperatures.

The increase of the anisotropy density is a significant support

for the increase of the magnetic ordering occurring inside the

outer layers as a consequence of charge transfer from PPy.

The resulting surface increased magnetic order also increases

the contribution of the surface anisotropy to the total effec-

tive anisotropy density.

The third interesting observation, as it results from the

last column of Table II, refers to the number of Bohr magne-

tons per formula unit (one Mn atom) for PPy coated LSMO

nanoparticles. In case of LSMO doped at a level of x¼ 0.33,

the calculated maximum number of Bohr magnetons per Mn

is lS¼ 3.67. From Table II, it appears that by increasing the

quantity of attached polymer, the number of Bohr magnetons

per Mn ion also increases until, in the case of sample 3, the

value of lS¼ 4.24 overcomes this maximum expected value

of 3.67. Both processes can be associated with charge and

spin transfer from PPy polymer to the surface layers of man-

ganite nanoparticles. These results suggests the existence of

an additional contribution to the overall magnetic moment

arising from the p band itinerant electrons of PPy brought in

the vicinity of surface Mn ions, which are polarized by the

exchange interaction with the Hund coupled 3d spins of

manganese ions. It is indirect evidence of the spin polariza-

tion of p energy band electrons of PPy. A similar effect was

observed in the case of rare earth metals and their com-

pounds where the atomic moments per rare earth atom are

amplified as a result of 5d conduction electrons polarized by

exchange interactions with 4f spins. This way, in metallic

Gd, the magnetic moment per Gd atom is 7.6 Bohr magne-

tons, indicating an additional 0.6 Bohr magnetons contribu-

tion coming from the spin polarization of the 5d itinerant

electrons.32

As it was pointed out in the preceding paragraphs, the

charge transferred from PPy to LSMO can go either to manga-

nese or empty/displaced surface O ions positions. To decide

between these options, we performed XAS measurements in

XANES region. The Mn-K absorption edge was investigated

for the LSMO@PPy 1 – 3 samples. As a reference the same

line was recorded for the bare LSMO nanoparticles.

Figure 8 presents results of X-ray absorption near edge

structure (XANES) measurements at the Mn K-edge. To

avoid superposition, the absorption spectra in Fig. 8 were

upwardly displaced. The inset presents the derivative spectra,

performed to prove if some chemical shifts of the absorption

edge, defined as the inflection point of the XANES, appear.33

Here the derivatives of the XANES spectra are not displaced.

As one can see, no noticeable chemical shift corresponding to

the transition from 1s to final states of p symmetry is observed

between the LSMO and the LSMO@PPy. That means the

empty DOS of p symmetry is not affected by the polymer

adsorption. On the contrary, as can be seen in the inset of Fig.

8, by increasing the polymer quantity, the low intensity pre-

edge peaks, roughly ranging from 6535 to 6550 eV, are signif-

icantly modified as referring to both positions and intensities.

An example for the deconvolution of pre-edge lines is shown

in Fig. 9 for LSMO@PPy 1. It was made by using a modified

Voigt profile while the extraction of the baseline was realized

by considering spline functions. After the extraction of the

base lines, the pre-edge features for the LSMO@PPy samples

and for LSMO uncoated nanoparticles are presented in

Fig. 10. The line positions and integral intensities for A1, A2,

and B components are summarized in Table III.

The lowest peaks (6537�6542 eV), labeled A1 and A2

as indicated by Guardia et al.,5 are generally assumed to be

caused by 1s to 3d transitions. Because 1s ! 3d transitions

are dipole forbidden, they are ascribed to a mixture of 1s
! 3d quadrupole allowed transitions with 1s ! hybridized

3 d-4p dipole allowed transitions.34 At the present, doping re-

gime LSMO is a half metal because, due the intense Hund

coupling of JH� 0.7� 0.8 eV,35 the 3d energy band is split

into majority t2g and eg bands and minority eg and t2g empty

electronic states, respectively. The splitting of the majority

and minority eg spin states results in a splitting of the Mn

pre-edge features.35

Within this picture, the A1 transitions involves majority

partially filled eg states while the A2 feature is associated

with the minority upper empty eg states. The higher energy

FIG. 8. (Color online) X-ray absorption near edge structure (XANES) spec-

tra at the Mn K-edge for LSMO nanoparticles and LSMO@PPy samples

1 – 3. The inset presents the first derivative spectra for the same samples

showing significant modifications of the pre-edge features (below 6550 eV)

with increasing polymer concentrations. The vertical line indicates the posi-

tion of the main transition of Mn K-edge.

FIG. 9. (Color online) Deconvolution of pre-edge lines for LSMO@PPy

sample 1. The deconvolution was made by using a modified Voigt profile

while the baseline was set by considering spline functions.

044309-6 Pana et al. J. Appl. Phys. 111, 044309 (2012)

Downloaded 23 Feb 2012 to 128.103.149.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



feature labeled the B (6543–6548 eV) is connected to the Mn

4p states.34,36,37 More precisely, it is related to the Mn 4p
local states hybridized with neighboring Mn 3d as calculated

by Elfimov et al.35 They used LSDAþU calculations with

appropriate symmetry restrictions to show that a hybridiza-

tion of the 4p states belonging to the “local” manganese ion

with the 3d states of neighbor Mn positions is allowed. Their

calculations indicate a low energy tail with features below

the main edge and corresponding to the mentioned A and B

peaks. They also show that the 4p DOS is very broad and

Mn 4p states are highly delocalized and extend over several

Mn positions.34,38

The oxygen p orbitals intermediate this hybridization

resulting in spatially extended 4p-3d energy bands. At the sur-

face of the LSMO nanoparticles, due to the distorted or miss-

ing oxygen, the partially filled 3d – eg majority, 3d minority

(empty), and 4p-3d hybridized (empty) energy bands are dis-

rupted. When the PPy is added at the surface of nanoparticles,

the charge transfer is more or less reestablished between surfa-

ces and/or near surface Mn positions and the altered band

structure is restored. Additionally, the DOS within these bands

amplifies with increasing charge and spin mobility.

One can see that all A1, A2, and B features increase in

intensity and energy position with increasing polymer con-

tent. The increase by the preceding specified intensities

implies a depopulation of Mn 3d states, indicating that the

PPy p band electrons go to oxygen positions produced by

missing or displaced O ions as a consequence of the surface

effects. A configuration 4s03d2, which corresponds to Mn5þ,

can be ruled out. Actually, the oxygen deficiency at the

nanoparticle surface breaks the double-exchange between

Mn ions creating some spin disordered layers hence reducing

the saturation magnetization. The p electrons belonging to

PPy substitute the missing oxygen and reestablish the

exchange between Mn3þ and Mn4þ positions. An increase in

the mobility of eg majority electronic states accompanied by

an increased bandwidth for eg results. The above-mentioned

process determines the increase of both intensity and absorp-

tion energy position of the A1 feature. It produces an appa-

rent increase of the Mn4þ content that can be correlated with

the magnetization increase via the enhancement of the

double-exchange interactions between manganese positions

at the surface of the PPy covered nanoparticles. A noticeable

enhancement of the pre-edge peak A2 and B with increasing

the polymer adsorption can be also observed. The delocal-

ized p electrons of the PPy chains entering below the surface

of the nanoparticles also reestablish the minority energy eg

band and act as a bridge for the hybridization of Mn 4p and

neighboring Mn 3d states.35 Therefore it will result an

increase of the DOS within both empty minority eg and

hybridized 4p bands accompanied by the intensity increase

of the oxygen vacancies existing at or near the surface of

LSMO nanoparticles.37 However, this effect is quite new

because even changing the composition in LSMO did not

show such a huge shift in the pre-edge region.34

IV. CONCLUSIONS

LSMO@PPy nanocomposites were obtained by the oxida-

tive polymerization of pyrrole in presence of water dispersed

LSMO nanoparticles. The polymerization produced some adhe-

sive PPy layers around the magnetic nanoparticles, leading thus

to a core-shell structure evidenced by HRTEM. The magnetiza-

tion behavior, M(H) and M(T), of the composite samples is a

superparamagnetic one with a very low coercitive field

(�15 Oe) at room temperature. On the other hand, a significant

increase of the saturation magnetizations appears for all the

samples when compared to the bare LSMO nanoparticles. The

surface modification of manganite nanoparticles by polypyrrole

coating results in a decrease of surface spin disorder. Therefore

from the synthesis point of view, the pyrrole polymerization is

a relevant synthesis method that allows tailoring the magnetic

properties of the LSMO nanocomposites.

Our results show for the first time that an enhancement of

the magnetization could be obtained in the case of manganite

nanoparticles coated with PPy due to the charge transfer from

polymer p electronic states to some oxygen vacancies near the

surface of the nanoparticles. This novel effect is ascribed to a

FIG. 10. (Color online) Mn-K pre-edge features for the LSMO@PPy sam-

ples and for LSMO uncoated nanoparticles after the extraction of the base

lines. A1 transitions involves majority partially filled eg states while A2

feature is associated to minority upper empty eg states. The higher energy

feature labeled the B is associated with Mn-4p states.

TABLE III. The line positions and integral intensities for A1, A2 and B components.

A1 A2

A1þA2

B

A1þA2þB

Sample Pos. (eV) Area (a.u.) Pos. (eV) Area (a.u.) Centrioid (eV) Pos. (eV) Area (a.u.) Centrioid (eV)

LSMO 6540.41 0.157 6542.58 0.065 6541.05 6545.97 0.029 6541.61

1 6540.69 0.187 6543.01 0.128 6541.63 6546.26 0.087 6542.63

2 6540.65 0.189 6543.33 0.183 6541.97 6546.90 0.139 6543.31

3 6541.29 0.310 6545.02 0.207 6542.78 6547.69 0.150 6543.88
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charge transfer process from the conducting polymer to the

surface iron ions of magnetite. At high PPy concentrations,

the increased number of Bohr magnetons overcomes the max-

imum allowed value, indicating the spin polarization of p
electrons band of the conducting polymer PPy. The observed

changes in the Mn-K pre-edge XANES spectrum show how,

by increasing the PPy content involving an increased paired

electrons transfer to the surface of LSMO nanoparticles, one

has an enhanced overlapping between manganese neighbor

positions that, in turn, restores the initially distorted or inter-

rupted energy band structure for 3 d eg both majority and mi-

nority spin states. Also the hybridization of “local” 4p orbital

with neighbor Mn 3d orbital and associated band formation

are favored. These specific behaviors of the nanocomposite

samples, as compared to bare nanoparticles, support the exis-

tence of a spin paired charge transfer from PPy to the manga-

nite nanoparticles.

The easy polymerization of PPy in stable dispersions of

magnetic nanoparticles represents a good strategy to gener-

ate magnetic nanocomposites with controllable magnetic

properties, which can be further easily provided with bio-

functionality by the attachment of specific molecular groups

to the polymer chains for applications in biotechnology.
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