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Results of charge-transport and magnetic measurements of nanotubular polyaniline (PANI) composites containing

Fe3O4 nanoparticles (�10nm) synthesized by a \template-free" method are reported. The T�1=2 resistivity has been

observed, and dc magnetic susceptibility data are �tted to an equation � = ��P + C=T . With increasing weight

ratio of Fe3O4, the electrical conductivity and temperature-independent susceptibility ��P increase, and the Curie-

type susceptibility is suppressed at low temperatures. Further discussions have been given. The PANI-H3PO4/Fe3O4

composite containing 27wt% of Fe3O4 nanoparticles is superparamagnetic, exhibiting very little hysteresis even at 5K.
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1. Introduction

Among the conducting polymers, polyaniline

(PANI) has been of particular interest because of

its electrical, electrochemical and optical properties.

At the same time, magnetic nanoclusters also show

unusual phenomena. Recently, to realize the full

potential of technological applications of magnetic

nanomaterials and organic polymers, composites of

conducting polymers containing magnetic nanoclus-

ters have attracted much attention, because the re-

sultant nanocomposites may good possess magnetic

and electrical properties. For example, Wan and

co-workers[1;2] reported a composite of PANI con-

taining Fe3O4 nanoparticles[3] with both conducting

and unusual paramagnetic properties, which showed

a high saturated magnetization with a lower coer-

cive force (Hc=0). In particular, Tang et al
[4] have

prepared 
-Fe2O3/PANI free standing nanocompos-

ite �lms which are macroscopically processable, high

electrically conductive (82{237S/cm) and superpara-

magnetic (no hysteresis loop at room temperature).

However, composites of nanotubular conducting poly-

mers containing magnetic nanoclusters have not been

reported yet, and its physical properties, such as the

temperature dependences of conductivity and dc mag-

netic susceptibility have not been explored suÆciently.

In this paper, the nanotubular H3PO4 doped

PANI composites containing Fe3O4 nanoparticles with

an average diameter of 10nm have been prepared by

a \template-free" method,[5�7] and their dc magnetic

susceptibility and resistivity have been studied.

2.Experimental

In a typical polymerization, �rstly, aniline mon-

omer and H3PO4 were mixed in the presence of Fe3O4

(average diameter is about 10nm) for the given ra-

tio at low temperatures. Secondly, ammonium persul-

fate (APS) as the oxidant dissolved in deionized water

and was added slowly into the previously cooled mix-

ture. After all the oxidant was added, the reaction

mixture was stirred for 24h. Thirdly, the precipitate

was then washed with deionized water, methanol, and

ethyl ether several times, and �nally dried at room

temperature in a dynamic vacuum for 24h.

Three samples with the same molar ratio of

aniline to H3PO4 (1:0.5) have been prepared; the

weight percentages of Fe3O4 are 0 (pure PANI-
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H3PO4), 5.9 and 27 wt%, respectively. Figure 1 shows

the typical scanning electron microscopic (SEM) and

transmission{electron microscopic (TEM) images of

nanocomposites. With increasing weight per cent of

Fe3O4, the inner diameter of nanotubes decreases, and

nanorods of PANI increase (as shown in Fig.1 (b) and

(c)). Particularly, Fe3O4 nanoparticles with �10nm

in diameter embedded in the nanorods are obviously

observed.

Fig.1. (a) The typical SEM images of PANI-

H3PO4/Fe3O4 nanocomposites; (b) The typical

TEM images of PANI-H3PO4/Fe3O4 nanotubes

(the content of Fe3O4 is small); (c) The typical

TEM images of PANI-H3PO4/Fe3O4 nanorods (the

content of Fe3O4 is large).

The electrical resistivities of powder pellets of

composites were measured by a standard four-probe

method using Keithley 220-programmable current

source and 181-nanovoltmeter. DC magnetic suscep-

tibility was measured using a MagLabEXA magne-

tometer (OXFORD INSTRUMENTS) with dc mag-

netic �eld of 1T from 4.2 up to 250K. Dependence of

magnetization on the applied magnetic �eld at 5K was

also measured using the same magnetometer.

3.Results and discussion

3.1. DC magnetic susceptibility and super-

paramagnetism

The dc magnetic susceptibility (�) of PANI-

H3PO4/Fe3O4 composites for a two-ring-repeat unit

is shown as a function of the absolute temperature in

Fig.2. It is obvious that the total magnetic suscepti-

bility, �, can be written as a sum of a temperature-

independent susceptibility ��P and a Curie-type sus-

ceptibility �C
[8�10]

� = ��P + �C = ��P + C=T; (1)

where C is the Curie constant. The values of ��P and

C can be obtained from Fig.2. For PANI-H3PO4 nan-

otubes, the temperature-independent susceptibility

�P�PANI is 3.9�10
�4 emu�mol�1�2rings�1, the Curie

constant is C=2.1�10�1 K�emu�mol�1�2rings�1. For

PANI-H3PO4/Fe3O4 composites, in fact, ��P includes

the contributions of PANI-H3PO4 and Fe3O4, so �
�
P

can be expressed as

��P = �P�PANI + �Fe3O4
; (2)

where �P�PANI is the Pauli-type susceptibility

of PANI-H3PO4 and �Fe3O4
is the susceptibil-

ity of Fe3O4 nanoparticles. When the weight

per cent of Fe3O4 increases, ��P increases dramat-

ically: for PANI-H3PO4/Fe3O4 composites contain-

ing 5.9 and 27wt% of Fe3O4, ��P is 1.8�10�2,

1.3�10�1emu�mol�1�2rings�1, respectively. This may

be due to increasing �Fe3O4
, because �P�PANI is small,

only about 3.9�10�4emu�mol�1�2rings�1. It is no-

ticed that the magnetization of Fe3O4 nanoclusters

should be nearly saturated in the magnetic �eld of 1T

(as shown in Fig.3); therefore �Fe3O4
will certainly be

temperature-independent and increase with increasing

weight of Fe3O4.

In Fig.2, it is evident that with increasing weight

per cent of Fe3O4, the Curie-type susceptibility of

PANI-H3PO4/Fe3O4 composites is gradually sup-

pressed, for example, the curve of the temperature

dependence of the susceptibility becomes much 
atter

and 
atter at low temperatures, the Curie constant

C decreases from 2.1�10�1 to 1.2�10�1, 4.6�10�2

K�emu�mol�1�2rings�1, and the number of singly oc-

cupied states NS (NS can be calculated from Eq.(5))

also decreases from 4.3�1017 to 2.4�1016, 0.9�1016
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(per mole two rings of PANI). These can be ascribed to

the contribution of increasing magnetic nanoclusters

of Fe3O4. Firstly, as is known, both polaron in PANI

and electron in Fe3O4 have spins; since Fe3O4 nan-

oclusters are doped into nanocomposites (as shown in

Fig.1 (c)), the spins in PANI-H3PO4 chains and Fe3O4

nanoclusters will interact with one another, which

may decrease the number of singly occupied states at

low temperatures. Secondly, from Fig.4 we can see

that with increasing the content of Fe3O4 the resis-

tivity of the composites decreases. This also indicates

the weakening of electron localization, which decreases

the average intra-site electron{electron Coulomb in-

teraction U (see the following section of this paper)

and suppresses the Curie-type susceptibility of PANI-

H3PO4 at low temperature.

In Fig.2, for pure PANI-H3PO4 nanotubes, it

is also evident that at around Tt �45K there is a

crossover from temperature-independent susceptibil-

ity to Curie-type behaviour, this may be attributed to

the diagonal correlation e�ects in Anderson-localized

states,[11] which gives rise to the occurrence of singly

occupied states below the Fermi energy EF and re-

sults in a Curie-type susceptibility at low tempera-

tures. Kaminura[11] has given the general formula for

the static spin susceptibility in the Anderson localized

regime:

�(T ) =2�2B=kBT
X

�

f2 + exp[�(�� "� � U)]

+ exp[��(�� "�)]g
�1; (3)

where � = 1=kBT , � is the chemical potential, "� are

the energies of the localized states labelled by �, and

U is the average intrasite electron{electron Coulomb

interaction (or the mean value of the diagonal corre-

lation energy). The numerical solution of the above

equation shows that at low temperatures the suscep-

tibility obeys the Curie law,

�(T ) = �2BNS=kBT; (4)

where NS is the number of singly occupied states.

Since the total density of states at EF is �nite, the

Curie-type behaviour of susceptibility can be ascribed

to the diagonal correlation on the spin susceptibility.

According to Eq.(3), the Curie constant C can be ex-

pressed as:

C = NS�
2
B=kB : (5)

The value of NS can be calculated from the above

equation. For nanotubular PANI-H3PO4, the number

of singly occupied states NS is 4.3�1017 (per mole two

rings).

Kamimura also has denoted,[11], when W (W

is an energy width, Kamimura assumed that W

equals the mobility edge EC) is much larger than U

(W=U �5), the temperature dependence of the sus-

ceptibility gradually changes from a Curie-type be-

haviour to a temperature-independent susceptibility

with increasing temperature. The occurrence of this

change indicates that at around crossover tempera-

ture Tt, kBTt � U .[11;12] So we can estimate that U

is about 4�10�3eV. Below the crossover temperature

Tt, the susceptibility shows a Curie-type behaviour;

while above Tt, the susceptibility mainly shows a

temperature-independent behaviour. In Fig.2, we can

also see that with increasing weight per cent of Fe3O4

the crossover temperature Tt decreases, which may

indicate that U decreases and the value of W=U in-

creases.

Fig.2. The temperature dependence of the dc mag-

netic susceptibility of PANI-H3PO4/Fe3O4 nanocom-

posites measured under a 1T dc magnetic �eld.

At 5K, the plots of the magnetization versus

the applied magnetic �eld (between �5T) of PANI-

H3PO4/Fe3O4 composites are shown in Fig.3. The

PANI-H3PO4 sample exhibits paramagnetism. With

increasing Fe3O4 content, the superparamagnetism of

Fe3O4 nanoclusters exhibits clearer and clearer. There

is only a little hysteresis for PANI-H3PO4/Fe3O4 com-

posite containing 27wt% of Fe3O4 even at 5K. Based

on the results shown in Fig.3, the saturated magne-

tization (Ms) and coercive force (Hc) have been es-

timated to be Ms=6emu/g and Hc �0.044T, respec-

tively.



436 Long Yun-Ze et al Vol. 12

Fig.3. Magnetization versus applied �eld plots at 5K

for PANI-H3PO4/Fe3O4 nanocomposites.

3.2. DC electrical resistivity (�)

Figure 4 shows the temperature dependence of the

resistivity of PANI-H3PO4/Fe3O4 composites having

di�erent contents of Fe3O4. It is obvious from Fig.4

that: (1) the resistivity data can be well �tted with

the relation ln�(T )=A+B�T�1=2, that is to say, ln�(T )

is linear with T�1=2; (2) the resistivity decreases with

increasing content of Fe3O4. This indicates that the

nanocomposites still possess higher conductivity (the

room-temperature conductivity is about 0.5S/cm).

On the basis of analysis of the SEM and TEM im-

ages of PANI-H3PO4 nanotubes and other experimen-

tal results,[13�15] we suppose that the nanotube can be

described as a bundle of coupled parallel curled chains.

Due to the disorder of nanotubes and the weak cou-

pling between nanotubes, the contact resistance in the

intertubular regions determines mainly the resistance

of nanotubular PANI-H3PO4. This leads to T�1=2

resistivity,[16] which can be interpreted by quasi-one-

dimensional (1D) variable-range hopping (VRH) con-

duction model. For quasi-1D VRH model,[17] the tem-

perature dependence of resistivity follows the relation:

�(T ) = �0exp(T0=T )
�1=2; (6)

where T0 is the energy needed for the charge carri-

ers' hopping conduction. From Fig.4, we can calcu-

late T0, as shown in Table 1. From Table 1, we can

see that, when the content of Fe3O4 increases from

0 to 5.9, 27wt%, T0 decreases from 15630 to 14980,

13360K. This indicates that magnetic nanoclusters of

Fe3O4 in PANI-H3PO4 may reduce the energy needed

for charge carriers' hopping conduction, and enhance

the conductivity.

Fig.4. Variation of resistivity of PANI-H3PO4/Fe3O4

nanocomposites with T�1=2 (80 < T < 300K). The

resistivities are normalized by �(300K).

Table 1. Related data for PANI-H3PO4/Fe3O4 composites. ��P is the temperature-independent

susceptibility (including the contribution of �Fe3O4
); C is the Curie constant; NS is the number of

singly occupied states; T0 is the energy needed for charge carriers' hopping conduction.

wt% of Fe3O4 in composite 0 5.9 27

��P (emu�mol�1�2rings�1) 3.9�10�4 1.8�10�2 1.3�10�1

C (K�emu�mol�1�2rings�1) 2.1�10�1 1.2�10�1 4.6�10�2

NS (per mole two rings) 4.3�1017 2.4�1016 0.9�1016

T0 (K) 15630 14980 13360

4.Conclusion

PANI-H3PO4/Fe3O4 composites that are both

electrically conductive and magnetically susceptible

have been prepared and studied. The main results

obtained in this paper are summarized as follows:

1. DC magnetic susceptibility includes the tem-

perature-independent contribution and the Curie-

like contribution. With increasing weight per cent

of Fe3O4 in the composites, the temperature-

independent susceptibility (��P ) increases due to

the nearly saturated magnetizations from increasing

�Fe3O4
.
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2. With increasing content of Fe3O4, the Curie-

type susceptibility is suppressed at low temperatures,

and the crossover temperature (Tt �45K) from the

temperature-independent susceptibility to Curie-like

behaviour decreases, which may be attributed to the

weakening of electron localization in PANI chains.

3. The PANI-H3PO4/Fe3O4 composite contain-

ing 27wt% of Fe3O4 is superparamagnetic, exhibit-

ing a very small hysteresis even at 5K (the satu-

rated magnetization Ms=6emu/g and coercive force

Hc �0.044T).

4. The intertubular contact resistance is dom-

inant due to the disorder of the sample. The T�1=2

resistivity has been observed and interpreted by quasi-

1D VRH model. With increasing content of Fe3O4,

the energy needed for charge carriers' hopping con-

duction T0 decreases. The nanocomposites room-

temperature conductivity is about 0.5S/cm.

|||||||||||||||||||||||||||
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