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The influence of the contact between monodisperse Fe3O4 nanoparticles (NPs) on the spin-dependent

transport mechanism has been investigated by only changing the cold-press pressures from 20.0 MPa

to 5.0 GPa. For the sample cold-pressed under 20.0 MPa, the temperature dependence of resistivity

q-T curve is best fitted by the log q/ T�1/2 relation, suggesting the Efros’s variable range hopping

(VRH) mechanism, while the q-T curves of the samples cold-pressed under 1.0 GPa to 5.0 GPa can

be best fit with the relation of log q/ T�1/4, revealing the Mott’s VRH mechanism. The different

mechanisms are related to the interspacing dependence of charging energy and exchange energy

between NPs. Monte Carlo simulations indicated that the charging energy plays a dominant role

in the former mechanism, while the spin-dependent exchange energy is dominated in the latter one.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804335]

I. INTRODUCTION

Magnetite (Fe3O4), as a half-metallic material with an

energy gap at the Fermi level (EF) for only one electron spin

direction, is promising for spintronics due to its full spin

polarization and high Curie temperature TC � 850 K.1,2 The

spin-dependent transport in granular systems has attracted

great attention and has motivated intensive studies to exploit

some novel properties based on nanoscale Fe3O4.3–6 In 1998,

Coey et al. found that the magnetoresistance effect (MR)

effect existed in polycrystalline thin films and compacted

powders, rather than in the single crystal at room tempera-

ture.3 An enhanced spin-dependent transport in granular

magnetic materials related to the particle contacting state

was also observed in granular cobalt nanobridges.4 Recently,

some groups reported that the transport properties could be

modified by changing the surface structure and contacting

states of Fe3O4 nanoparticles (NPs) by decorating the surfac-

tants, annealing conditions, and mixing with resin.7–11 For

example, MR ratio of annealed self-assembly Fe3O4 NPs

arrays reported by Zeng et al.8 and Lu et al.11 reaches 35%

at 60 K (H¼ 35 kOe) and �17% at 55 K (H¼ 5 kOe), respec-

tively. There are two mechanisms for electron propagation

through array of nanoparticle,12 however, the effect of inter-

spacing between nanoparticles on the spin-dependent trans-

port is not well understood yet.

In granular NPs system, the grain size and its distribu-

tion have a significant influence on the transport properties.

For example, resistivity of La2/3Sr1/3MnO3 samples spans

more than six orders of magnitude with size reduced from

10.0 lm to 20.0 nm. A low-field MR of about 30% is

obtained by decreasing size to 400 nm.13 A metal-insulator

transition is observed in the Nd0.8Sr0.2MnO3 NPs with the

variation of particle size from 320 nm to 42 nm.14 There are

several characteristic length scales, grain size, hopping

length, and sample thickness, to determine the transport

mechanisms in nanoparticle arrays.15 Although the sample

thickness is the largest one, the hopping distance is the most

important factor in determining the transport properties. In

contrast to the compacted or sintered powers with a broad

size and interspacing distribution, the monodisperse Fe3O4

nanoparticles synthesized by high temperature solution phase

reaction is an ideal system for revealing the influence of con-

tacts between particles on the spin-dependent transport prop-

erties. Moreover, the surfactants were removed by heating

under Ar flow before cold-pressing to avoid the influence of

dielectric surfactant molecular. A clear understanding of

spin-dependent scattering or tunneling at nanoparticle surfa-

ces and interfaces is expected in this simple system without

changing the structure and size of NPs or introducing other

dielectric factors.

II. EXPERIMENTAL

Monodisperse Fe3O4 NPs with 9.0 6 0.5 nm diameter

were synthesized by high temperature solution phase reac-

tion. The synthesis method is modified according to the

Ref. 16. This kind of large-scale and facile method can

greatly avoid the influence of size distribution and impure

phase on the grain boundary effect. In a typical synthesis, the

4 mmol FeO�OH, 32 mmol oleic acid, and 40 ml octadecene

were added into a flask and continuously heated to the tem-

perature of 320 �C at a heating rate of 10 �C/min. The black

dispersion was vigorously stirred for 60 min and then the

black reaction mixture was cooled to room temperature. The

black product was precipitated by adding ethanol to the dis-

persion. In order to avoid the influence of dielectric surfac-

tant molecular, the NPs were then annealed at 450 �C under

Ar flow for 2 h to remove the surfactants. Five samples were
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prepared by cold-pressing the NPs powder under 20.0 MPa,

1.0 GPa, 1.5 GPa, 3.0 GPa, and 5.0 GPa for transport

measurements.

Transmission electron microscopy (TEM Tecnai F20 at

200 kV) was employed to determine the morphology, size,

and size distribution. The high resolution TEM (HRTEM)

was used to show the lattice images of individual Fe3O4

NPs. The crystal structure of NPs was confirmed by x-ray

diffractometer (XRD) using Rigaku D/MAX 2400 x-ray dif-

fractometer with Cu-Ka radiation (k¼ 1.5406 Å). The DC

four-probe method was employed for the resistivity and MR

measurements using superconducting quantum interference

device (SQUID, MPMS-XL) and Keithley 2611 A Source

Meter. The temperature dependence of resistivity was meas-

ured from 70 K to 300 K. The MR was measured at 110 K up

to a magnetic field of 50 kOe.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the TEM image and high resolution

TEM image of as-prepared Fe3O4 NPs. Fe3O4 NPs have a

regularly spherical morphology and an average size of

9.0 6 0.5 nm with a narrow size distribution of (r¼ 5%).

After annealing, no changes in particle size and shape are

observed even at 600 �C, whereas the interspacing signifi-

cantly decreases with increasing the cold-pressing pressure

(see ESI, Fig. S1).17 The uniform size can eliminate the

effect of size distribution on resistivity, and consequently

provides us a good possibility to investigate the spin-

dependent transport properties of NPs separately. The high

resolution TEM image shows in the inset of Fig. 1(a) reveals

that the single-crystal structure of NPs without linear or pla-

nar defects. The 2d-spacing of 0.286 nm was identified as

Fe3O4 (220) planes. In the XRD pattern of the sample at

room temperature (see ESI, Fig. S2),17 all the highly

crystalline peaks match well with the standard crystal phase

of magnetite (JCPDS Nos. 894319 and 19-0629).

The field dependence of MR ratio, defined as MR

¼ [q(H)� q(H0)]/q(H0), for a series of Fe3O4 NPs cold-

pressed under different pressures was measured at 110 K,

where q(H0) and q(H) represent the resistance at zero field

and applied field H, respectively. The MR curves of all sam-

ples show a negative MR ratio without saturation even at the

maximum applied field of 50 kOe (Fig. 2). The negative MR

ratio of NPs is generally regarded as the spin-dependent

tunneling through a network of contiguous NPs. Without

externally applied magnetic field, the magnetization M of

each nanoparticle orients randomly, which represents a spin-

disordered state. The application of a magnetic field aligns

all magnetizations and reduces the spin disorder, which in

turn increases the spin-dependent tunneling probability and

leads to a reduction in resistance. The MR ratios of samples

cold-pressed under 20.0 MPa, 1.0 GPa, 3.0 GPa, and 5.0 GPa

are �7.77%, �4.37%, �4.18%, and �3.93%, respectively.

The MR ratio of the sample cold-pressed under 5.0 GPa is

nearly half of that of sample cold-pressed under 20.0 MPa,

while the difference in MR ratios for the samples cold-

pressed between 1.0 GPa and 5.0 GPa is only 0.44%. The sig-

nificant decrease of MR ratios for the samples cold-pressed

under pressures above 1.0 GPa implies that the spin-

dependent transport mechanisms are quite different for the

NPs pressed under different pressures.

The temperature-dependent resistivity of five samples

was measured and plotted in Fig. 3. It was observed that the

resistivity decays exponentially with temperature. According

to Bauerle’s equivalent electrical circuit model,18 the resist-

ance for granular system is RT ¼ Rgþ Rpb þRel, where Rg is

the intrinsic resistance of grains, which presents the grain re-

sistance, Rpb is the interparticle boundary resistance, which

presents the tunneling resistance, and Rel is the electrode

resistance. Since the resistivity of bulk Fe3O4 is only

1.9� 10�4 X �m,3 the contribution of Rg can be neglected

compared with the smallest resistivity of 5 GPa pressed sam-

ple at room temperature, 1.2� 10�2 X �m. In addition, the

Rel can be eliminated by the four-probe measurement. The

ratios of tunneling conductance to grain conductance, which

FIG. 1. (a) TEM image of Fe3O4 NPs synthesized by high temperature solu-

tion phase reaction; the inset shows high-resolution TEM image of Fe3O4

NPs; (b) the particle size distribution histogram of Fe3O4 NPs.

FIG. 2. The MR measured at 110 K for a series of Fe3O4 NPs samples cold-

pressed under 20.0 MPa (�), 1.0 GPa (�), 3.0 GPa (�), and 5.0 GPa (�).
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can be roughly calculated by Rg/Rpb, are far smaller than 1.0

for all the five samples. Therefore, transport mechanism of

cold-pressed Fe3O4 NPs is not dominated by hopping (or

delocalization) between Fe2þ and Fe3þ sites in the intra-

grain, but by the extrinsic interparticle contacting states. At

low temperatures, the resistivity of 20.0 MPa sample shows a

faster increase than that of the samples pressed under above

1.0 GPa (from the enlarged part shown in the inset of Fig. 3).

The resistivities of 20.0 MPa, 1.0 GPa, and 5.0 GPa samples

are about 1.4� 103 X �m, 5.8� 102 X �m, 3.0� 102 X �m at

72 K, and 4.0� 10�2 X �m, 2.6� 10�2 X �m, 1.2� 10�2

X �m at room temperature, respectively. At low tempera-

tures, the resistivity of 20.0 MPa sample is as high as nearly

5.0 times that of the 5.0 GPa sample. A significant difference

in resistivity with increasing the pressure implies that the

electron transport mechanism is different with changing

interspacing of Fe3O4 NPs. To describe the MR in the man-

ganese oxides, one has to take into account electron localiza-

tion within each cluster. However, since the tunneling

conductance is far smaller than the grain conductance below

Curie temperature, the localization effect within each grain

is weak. This situation is realized in La1�xAxMnO3 (A¼Sr,

Ca) rare-earth manganites.19 The temperature- and field de-

pendence of resistivity of Fe3O4 superparamagnetic particles

is consistent with the predicted by taking the influence of

spin degrees of freedom on electron transport properties into

account in the superparamagnetic region.20

In general, there are two mechanisms-sequential tunnel-

ing or electron cotunneling for electron propagation through

array of nanoparticles.12 The sequential tunneling can com-

mence at sufficiently large applied bias voltage to overcome

the Coulomb blockade. Since the applied bias voltage DV is

about 10�4 V, the sequential tunneling is suppressed by the

Coulomb blockade. Consequently, the dominant mechanism

for electron propagation through array of nanoparticles is

cotunneling. In this regime, conduction involves higher-

order cooperative tunneling processes, so-called cotunneling

events, can transport charge over distances of several par-

ticles without incurring the full Coulomb energy cost.20 In a

disordered material when the charge carriers are localized

due to random electric fields, charge transport takes place

via phonon-assisted hopping between localized sites. Since

the localized states have quantized energies extending over a

certain range, an activation energy is required for each hop.

To clearly reveal the variable range hopping (VRH)

mechanisms, the temperature dependence of resistivity as a

logarithmic scale for the typical samples is plotted against

T�1/4 and T�1/2 in Fig. 4, respectively. The corresponding

standard error can be obtained (see ESI, Table I).17 For the

sample cold-pressed under 20.0 MPa, q-T curve is best fitted

by the log q/ T�1/2 relation, indicating that the Efros’s VRH

model is the most possible electronic transport mechanism.21

Meanwhile, the temperature-dependence of resistivity can be

best fit with the relation of log q / T�1/4 for the samples

pressed under 1.0 GPa to 5.0 GPa, which intuitively reveals

that the Mott’s VRH mechanism is the dominant transport

mechanism.22 The result is consistent with other’s work on

the low-pressure pressed Fe3O4 granular samples.8

At sufficiently high temperatures, the cotunneling dis-

tance approaches a single junction.15 The electron spectrum

quantization within a single cluster means transport occurring

between neighboring particles and a simple activated trans-

port taking place. At this point the zero-bias conductance

crosses over to simple activated, Arrhenius behavior, with

r0ðTÞ ¼ rexp½� U
kBT�. The linear fitting for 20.0 MPa sample

and 1.0 to 5.0 GPa samples using log q � T�1/2 relation and

log q � T�1 relation gives a crossover temperature 182 K,

164 K, 160 K, 146 K, and 123 K, respectively. Using an

approximation U� 0.2EC, EC ¼ e2=4pee0D, where D is the

grain radius, e is the electron charge, eis the permittivity of

space, e0 is the dielectric constant of surrounding medium;

and T0 ¼ 2:8e2

4pee0kBn, where To is the characteristic temperature, n

is the localization length, the typical hopping distance,

r	 ¼ ð e2n
4pee0kBTÞ

1=2
can be calculated. With increasing tempera-

ture, the hopping distance becomes the order of a single grain

size, and the number of grains, N*, involved in a typical hop-

ping is N	 ¼ r	=ð2Dþ dÞ ¼ 1. The crossover temperature is

in excellent agreement with the temperature at which the hop-

ping distance becomes the order of a single size.

To understand the influence of the contact between mono-

disperse Fe3O4 NPs on the spin-dependent transport mecha-

nism, we calculated the temperature dependence of resistivity

of NPs arrays with interspacing of 0 nm, 1 nm and 2nm,

respectively. According to the electronic conduction mecha-

nism in granular system which consists of metallic particles

FIG. 3. The temperature-dependent resistivity for five samples pressed under

20.0 MPa, 1.0 GPa, 1.5 GPa, 3.0 GPa, and 5.0 GPa; the inset is the enlarged

part from 70 to 120 K.

FIG. 4. Logarithmic resistivity as a function of T � 1=4 (�) and T � 1=2 (�)

for typical samples cold-pressed under 20.0 MPa, 1.0 GPa, 1.5GP, 3.0 GPa,

and 5.0 GPa, respectively.
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separated by thin insulating tunneling barriers, the probability

that an electron tunnel, in unit time at T¼ 0, through a barrier

of thickness, ys, to another grain is given by23

ry ¼
ð1

0

AGðv=2dÞhðEF � EÞhðE� EF þ yDVe� EcÞ

� exp½�2vðEÞys�qðEÞdE; (1)

where G is the grain volume, v is the electron velocity, EF is

the Fermi energy, E is the electron energy, q(E) is the den-

sity of states, DV is average voltage drop between adjacent

grains, y is a continuous variable and express the barrier

thickness by ys and the voltage difference between grains by

yDV, and v ¼ [2m(u þ EF � E)/�h2]1/2, u is the effective bar-

rier height, the function h(u), defined such that h(u) ¼ 1 for

u
 0 and h(u) ¼ 0 for u 
 0, to ensure the conservation of

energy. Since for our measurements, the DVe is about

10�4 eV and the condition u� eDV is always satisfied, the

effect of applied field on the barrier shape can been

neglected. Consequently, the charging energy Ec would play

a major role in determining electronic conduction in a granu-

lar system, and the conductance r for a grains network can

be expressed as r / e�2ks�Ec=2kT , where s is the tunnelling

barrier thickness, k ¼ (2mu/�h)1/2, m is the effective electron

mass, u is the barrier height, �h is the plank constant, k is the

Boltzmann’s constant, and T is the absolute temperature.24

Since the carriers for ferromagnetic Fe3O4 NPs are spin

polarized, the transport properties are not only determined

by the Coulomb interaction between the charges of the elec-

trons but also the exchange interaction between the spins of

the electrons. Taking the surface atom magnetic moment

arrangement and surface disorder into account, the polariza-

tion of the electron spins can block some of the hopping pro-

cess, leading to an exponential increase in resistance.25 A

similar theory of spin-dependent effect have been used in

granular cobalt film and inhomogeneous magnetic semicon-

ductor such as Zn1�xCoxO and Ti1�xCoxO reported by

Barzilai et al. and Yan et al., respectively.24,26 The exchange

energy, EM, arises when the magnetic moments of particles

are not parallel and electron spin is conserved in the tunnel-

ing process. According to the results of Barzilai et al.,24 we

can deduce a modified relational expression

r / expð�2ksÞfð1� pÞexp½�ðEc þ EMÞ=kT�
þ ð1� pÞexp½�ðEc � EMÞ=kT�g=2; (2)

where the coefficients (1 þ p)/2 and (1 � p)/2 are the proba-

bilities that an electron tunneling from particle 1 to particle

2, which has its spin parallel and antiparallel, respectively.

EM is the difference between the exchange energies of an

electron situated in particle 1 and particle 2. Equation (2)

expresses the fact that if the moments of particle 1 and parti-

cle 2 are not parallel, an additional energy EM is required to

transfer an electron; and if its spin is parallel to that of parti-

cle 1, less energy is required on the contrary.

Based on the modified expression (2), we performed the

Monte Carlo (MC) simulation as follows: (1) 1000 NPs were

placed in a three dimensional 10 � 10 � 10 cubic lattice and

astringe over 106 of MC steps; (2) at a given magnetic field,

temperature and species concentration, the particle magnetic

moment configuration were obtained in the case of thermal

equilibrium; (3) based on the resulting magnetic moment

configuration, the random resistor network (RRN) was estab-

lished by considering the particles on the lattice point and

the magnetic moment of the spatial orientation; (4) RRN

effective resistances were calculated at zero field. The calcu-

lated schematic drawing for the RRN system is shown in

Fig. 5(d). In the step (2) of our MC simulation, the total

energy of particle can be written as27,28

Ei ¼ �KViðl̂i � n̂iÞ2 �MSVil̂i � B̂i and

~Bi ¼ l0Haẑ þ l0

4p
Ms

Xn

i 6¼j

Vj

3ðl̂j �~rÞ~rij

r5
ij

�
l̂j

r3
ij

" #
; (3)

FIG. 5. Experimental temperature-dependent resis-

tivity for samples pressed under (a) 20 MPa (D), (b)

1 GPa (�), and (c) 5 GPa (�); calculated RRN

temperature-dependent resistivity with the distance

between nanoparticles (a) 2 nm, (b) 1 nm, and (c)

0 nm. (d) The calculated schematic drawing for the

RRN system.
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where K is the magnetocrystalline anisotropy constant, Vi is

the particle volume, and Ms is the saturation magnetization.

The field Bi is the sum of the applied field and the dipolar

field surrounding particles, in our system the applied field is

zero. rij is a vector connecting the magnetic moments i and

j, rij¼ ri � rj, and rij¼ jrijj, the potential energy is thus a

function of direction of the magnetic moment l̂i, axis n̂i,

and the field B̂i. Based on the magnetic moment configura-

tion, the RRN was established by considering each contact

between a pair of particles i and j, which is represented by a

resistor with resistance qij proportional to the tunneling

probability

qij ¼ q0=ð1þ P2 cos hijÞexpð2k � sijÞf2=fð1þ pÞ
� exp½�ðEc þ EMÞ=kT� þ ð1� pÞ
� exp½�ðEc � EMÞ=kT�gg; (4)

where q0 is a constant of resistance, P is the spin polariza-

tion, hij is the angle between two adjacent nanoparticles

magnetic moment {U,H}, cos hij¼ cos hi cos hj þ sin hi sin hj

cos(Ui � Uj).

In order to perform numerical simulations, we express

the random distance between grains as sij ¼ d�rand(ij),
where rand(ij) is a random number taken from uniform dis-

tribution in the range (0,1), and d is the mean distance

between NPs. The RRN resistance is calculated by solving

the Kirchhoff equations with changing the distance of parti-

cle d. The distance d is set as 0 nm, 1 nm, and 2 nm. With

decreasing the distance among NPs, the resistivity change

of q0/(1þP2 cos hij)exp(2 k�sij) part caused by changing

dipolar exchange energy is smaller than 0.01%, which can

be neglected compared to the resistivity change caused by

2/{(1þ p)exp[�(EcþEM)/kT]þ (1� p)exp[�(Ec�EM)/kT]}

part. In order to calculate the resistivity, it is necessary to get

the formula of Ec and EM. It is assumed that (1) particles

are spherical with a diameter of D and charging energy

Ec(/1/D). The product sEck ¼ C, where C is constant for

granular system of a given composition; (2) electron only

tunnels between neighboring NPs. At each temperature T,
there is a tunneling barrier thickness sm, sm ¼ (C/kT)1/2/2k,

for which r has a maximum rm, rm/ exp[�2(C/kT)1/2]; (3)

The temperature dependence of the network conductivity

r(T) is given by rm, that is r(T)/ exp[�2(C/kT)1/2]

/ exp[(T0/T)1/2], where T0 is the characteristic temperature.24

On the other hand, the magnetic exchange energy EM can be

expressed in term of the spin-correlation function of two

neighboring grains as EMffi (J/2)[1�m2(H,T)], where J is

the corresponding exchange-coupling constant. It is well

known that the EM interactions in magnetic systems can

show various function forms, depending on the origins of

the exchange interactions. We can only get the analytic

expression about EM. We applied the Ruderman-Kittel-

Kasuyayosida (RKKY) model with its magnitude propor-

tional to 1/dn for a large distance in different dimension,

where n is larger than 1 for two or three dimensions.29 In our

system, all Fe3O4 NPs make up a three-dimensional network

structure, so the n should be larger than 1. This means that

with increasing interspacing of particles, the exchange

energy EM decreases much faster than the charging energy

Ec does. When the distance is 2 nm in our theoretical calcula-

tion model, it is assumed that the charging energy Ec is much

larger than the exchange energy EM, and the resistance qij

can be simplify to

qij ¼ q0=ð1þ P2cos hijÞexp½ð2k � sij þ EcÞ=kT�

¼ q0aexpðT0a=TÞ1=2; (5)

where T0 is the characteristic temperature.

On the other hand, if the distance is 1 nm and 0 nm, it is

assumed that the distance is small enough and the exchange

energy EM is much larger than the charging energy Ec, and

the exchange energy EM tends to induce the T�1/4 model

qij ¼ q0=ð1þ P2cos hijÞ expð2k � sijÞf2=½ð1þ pÞ
� expð�EM=kTÞ þ ð1� pÞexpðEM=kTÞ�g
¼ q0b expðT0b=TÞ1=4: (6)

The temperature dependence of calculated resistivity at

zero magnetic field is consistent with the experimental

results (Fig. 5). The calculated results demonstrate that when

the distance is 2 nm, the temperature-dependent resistance

shows T�1/2 law of VRH in one dimension conduction, i.e.,

Efros’s VRH model,21 when the distance is 0 nm and 1 nm,

the temperature-dependent resistance shows a T�1/4 law of

VRH in three dimensions conduction, i.e., Mott’s VRH

model.22 The calculated Ec for different distances of 0 nm,

1 nm, and 2 nm are more than 0.3 eV, which are much larger

than kBT. According to Sheng et al.,30 if the charging energy

Ec is much larger than the thermal energy kBT, it is not bene-

ficial to the tunneling between two particles if there is other

conducting path. Therefore, the transport for the 2 nm dis-

tance is dominated by Efros’s VRH model. The following

parameters can be deduced from the temperature-dependent

resistivity in Fig. 5: q0a¼ 3.2� 10�9X �m, q0b¼ 2.0� 10�8

X �m, q0c¼ 1.7� 10�3X �m, the Mott characteristic temper-

ature for 0 nm and 1 nm T0a¼ 5.2� 107 K, T0b¼ 2.5

� 107 K; the Efros’s characteristic temperature for 2 nm

T0c¼ 1.2� 104 K. All the characteristic temperatures are

greatly agreed with the results reported by SanJai et al.,31

whereas the resistivity, q0, is much larger than the experi-

mental results (q0a¼ 5.8� 10�13, q0b¼ 1.2� 10�13, and

q0c¼ 1.3� 10�7X �m). The large difference in q0 between

experimental results and theoretical ones, which also existed

in other work,23 is mainly related to the smaller numbers of

particles in our calculated model. In good agreement of our

assumption, the ratio of calculated Ec for Fig. 5(c) to EM for

Fig. 5(a) at 300 K is about 30%, which means the exchange

energy for 0 nm and 1 nm is much larger than the charging

energy for 2 nm.

The experimental results and fitting ones reveal that the

spin-depended electronic transport mechanism of Fe3O4 NPs

changes due to the different interparticle contacting states,

including interspacing, contacting area, the interface or sur-

face scatting from the surface spin arrangement and strong

coupling among magnetic grains. All these effects induced the

change in exchange energy EM, which plays a key role not
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only in g the spin-depended electronic transport mechanism

but also in the MR effect. A clear interpretation on the

decrease of MR ratio with increasing pressure, especially the

greatly decrease of MR ratio of samples pressed under above

1.0 GPa can be issued. For high-pressured NPs system, with

reducing spacing and increasing contacting area, the exchange

energy EM increases and the scattering ratio of tunneling elec-

trons and the number of tunneling junction are reduced, which

leads to a reduction of MR.

Furthermore, it is necessary to discuss the possible

parameters which would affect the exchange energy EM

by considering on the spin-dependent variable range hop-

ping in the Fe3O4 NPs system. Spin transport through

dielectric molecules and the MR effect are investigated by

using self-assembly monolayers of dielectric molecules,

such as oleic acid, SiO2 or polystyrene coating on Fe3O4

NPs.3,32–34 The drastic enhancement of MR ratio clearly

suggests that the dielectric properties, er, of the dielectric

molecules play an important role in the MR effect.

Another important parameter is the size of the particle.

The detailed inspection of previous results on size depend

MR allows one to observe an obviously increasing of MR

with decreasing of particle size, while no larger values of

low field MR were obtained by further reducing the grain

size down to nanometric.35–37 The main reason of this

phenomenon is that the MR especially the high field MR

is strongly connected with the existence of an magneti-

cally disrupted surface layer, whose thickness can be con-

trolled by the grain size. As we all know, the MR effect

in particle system is mainly originated from the interface

or surface effect, so decreasing the size of particles prop-

erly is an effectively way to increase the MR effect.

Another important way to improve the surface properties

is annealing. Jang et al. investigated the effect of anneal-

ing on resistance and MR in Fe3O4 NPs system.10 Charge

transport mechanisms change from interparticle tunneling

to hopping between Fe sites within the particle as the

annealing temperature increases. The MR as a function of

field shows a ubiquitous behavior dominated by non-linear

surface spins. This is mainly because that by annealing at

different temperatures, the symmetry and number of near-

est neighbors can be changed which lead to the change in

exchange coupling between the surface and particle inte-

rior.10 The last two common parameters which can affect

exchange energy are temperature and field. The increase

of MR with increasing of field or decreasing of tempera-

ture was discovered by so many workers. All the increas-

ing of MR effect reported earlier was got only by

changing one of the parameters which is far from the the-

oretically 100% spin polarization on Fe3O4 system dis-

cussed above. It is hard to get the formula of exchange

energy EM, but by properly controlling the particle size,

D, the distance between particles, d, especially dielectric

properties of the dielectric molecules between particles, er,

and annealing temperature at suitable field and tempera-

ture, the MR can be greatly increased. The work about

greatly increasing of MR effect on Fe3O4 NPs by chang-

ing all the parameters together is going on, and a much

higher MR and spin polarization is expected.

IV. CONCLUSION

The influence of the contact between monodisperse

Fe3O4 NPs synthesized by high temperature solution phase

method on the spin-dependent transport mechanisms has

been investigated by only changing the cold-press pressures

from 20.0 MPa to 5.0 GPa. The resistivity and MR of

1–5.0 GPa cold-pressed samples show a significant decreas-

ing especially at low temperature compared to the 20.0 MPa

sample. For the sample pressed under 20.0 MPa, the temper-

ature dependence of resistivity q-T curve is best fitted by the

log q/T�1/2 relation, suggesting the Efros’s VRH mecha-

nism, while the q-T curves for the samples pressed under

1.0 GPa to 5.0 GPa can be best fit with the relation of log q /
T�1/4, revealing the Mott’s VRH mechanism. Monte Carlo

simulations indicated that the charging energy plays a domi-

nant role in the former mechanism, while the spin-dependent

exchange energy is dominated in the latter one. These results

are helpful for the deeper understanding the spin-transport

mechanism in granular nanomaterials, which promote the de-

velopment of nanoscale half-metal materials as a feasible

candidate for spintronics.
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