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Magnetotransport in Fe;O4 nanoparticle arrays dominated by noncollinear surface spins
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Magnetotransport in arrays of monodisperse magnetite nanoparticles has been studied as a function of

annealing temperatures. Charge transport mechanisms change from thermally assisted interparticle tunneling to
hopping between Fe sites within the particle as the interparticle spacing is decreased. Despite this difference,
magnetoresistance (MR) as a function of field shows a ubiquitous behavior dominated by noncollinear surface
spins. All MRs as a function of field can be fitted accurately by a Langevin-like function.
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I. INTRODUCTION

Charge transport in magnetic granular systems consisting
of magnetic grains embedded in a nonmagnetic matrix is
often spin dependent. They exhibit either giant magnetore-
sistance (GMR) for a conducting matrix or tunneling magne-
toresistance (TMR) for a dielectric matrix.'~* The underlying
physics of granular TMR was proposed to be the exchange
splitting of electronic bands of the ferromagnetic grains,
leading to difference in tunneling probability of electrons
with different spin orientations.* The conductance was given
by Inoue and Maekawa as GxGy(1+P?cos )exp(
—2ks)exp(—Eq/kgT), where P is the spin polarization, 6 the
angle between the magnetization of two grains, « the wave
vector within the barrier, s the barrier width, and E the
charging energy of the grain.’> The average (cos ) in the
limit of uncorrelated magnetization of the grains is M/M,.”
In general, the MR scales with the global magnetization in
the form of F[(M/M,)], where F is an even function.® Al-
though the origin of granular GMR is spin dependent scat-
tering, its dependence on magnetization orientation of grains
and hence the scaling of MR with magnetization remain un-
changed.

Magnetotransport in granular systems has been exten-
sively studied.’*’-13 Most of the measurements are done on
sputtered composite films or compacted or sintered powders.
Due to the large distribution in grain size and spacing, it is
generally difficult to extract properties related to dimensional
parameters. Despite the large difference in material systems,
the magnetotransport can show some commonalities. For ex-
ample, the MR often exhibits a high field component, which
does not appear to scale with the magnetization.”31011.13 Tt
has been attributed to interface or surface scattering or tun-
neling in some early work,”!! but a systematic analysis of
the surface or interface effects is lacking.

In this Brief Report, we show magnetotransport behavior
of a self-assembled three-dimensional array of Fe;O, nano-
particles, with varying annealing temperatures (7,). By con-
trolled annealing, the interparticle distance can be systemati-
cally varied so that changing of charge transport mechanisms
from thermally assisted interparticle tunneling to intra par-
ticle hopping between Fe?* and Fe’* sites is observed. Cor-
respondingly, the MR behavior changes from tunneling con-
trolled to scattering controlled. Despite such differences,
however, MR of all samples shows strong field dependence
that can be universally fitted by a Langevin-like function. We
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propose that this field dependence originates from spin de-
pendent scattering or tunneling at nanoparticle surfaces and
interfaces, where spin canting occurs.

II. EXPERIMENT

Monodisperse Fe;O,4 nanoparticles with 6 nm diameter
were synthesized by high temperature solution phase reac-
tion, as reported in earlier work.'* A small amount of the
nanoparticle solution was deposited on a Si substrate with a
1 um thermally oxidized SiO,. Controlled evaporation of the
solvent led to a self-assembled nanoparticle array with inter-
particle distance of about 3—4 nm determined by the chain
length of the surfactant molecules. The transmission electron
microscopy (TEM) image of an ordered array of as-deposited
Fe;0,4 nanoparticles on TEM grids is shown in Fig. 1(a). The
nanoparticle arrays were then annealed under nitrogen for
1 h, with temperatures ranging from 100 to 650 °C. The an-
nealing removed surfactants and reduced interparticle spac-
ing, with the ordering of the assembly well preserved up to
500 °C [inset of Fig. 1(b)]. (This was done on a particle
array deposited on a SiO, substrate, with the deposition con-
dition identical to that used for transport measurements.) At
temperatures above 600 °C, particles started to neck together
and neighboring particles would share a common interface,
as can be seen from Fig. 1(b). No significant grain growth
was observed even at 650 °C. For charge transport studies, a
pair of lateral gold electrodes was fabricated by photolithog-
raphy with gap spacing from 2 to 15 wm. Nanoparticles

FIG. 1. (a) A typical TEM image of an ordered array of as-
deposited Fe;0, nanoparticles; (b) a TEM image of a Fe;04 nano-
particle array annealed at 650 °C; inset: a TEM image of a Fe;O,4
nanoparticle array annealed at 500 °C.
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FIG. 2. Zero-field-cooled magnetization as a function of tem-
perature for samples (a) without annealing and annealed at (b)
300 °C, (c) 600 °C, and (d) 650 °C.

were then self-assembled between the electrodes and an-
nealed.

III. RESULTS AND DISCUSSION
A. Magnetic properties

As-deposited samples are superparamagnetic with a
blocking temperature (Tp) of about 40 K. As T, increases, Ty
increases accordingly due to the reduced interparticle spac-
ing and enhanced magnetostatic interactions, as can be seen
from the shift in the peak temperatures of zero-field-cooled
magnetization curves in Fig. 2.!% Samples annealed at above
400 °C are ferromagnetic (T5>300 K). For samples with
high T, a sharp drop in magnetization at around 120 K is
observed as the samples being cooled. This temperature
matches well with the Verwey transition temperature (7) of
bulk magnetite of 125 K,'® suggesting that our nanoparticles
contain nearly stoichiometric Fe;O,4. We notice that there is a
broad peaklike feature for samples annealed at and above
600 °C. We are not clear of its origin but speculate that a
portion of the particles have lower 7. Magnetic hysteresis
measurements suggest that as 7, is above 400 °C, samples
exhibit ferromagnetic behavior. All samples show a small
susceptibility at fields higher than 1 T. This behavior could
be related to noncollinear spins at the particle surface, as will
be discussed below.

B. Temperature dependent conductance

Unannealed samples are insulating due to the large inter-
particle spacing with dielectric surfactants in between.
Samples annealed above 200 °C show thermally activated
conduction characterized by the exponential temperature de-
pendence of conductivity. The zero-bias-voltage conductance
(Gy) as a function of temperature obtained from /-V mea-
surements are shown in Fig. 3. For samples annealed below
500 °C, G, vs T can be well fitted by C exp[—(E/kT)"?], as
shown in Fig. 3(b). This is consistent with the physical pic-
ture of thermally assisted interparticle tunneling,'” where the
charging energy of a single nanoparticle dominates the tem-
perature dependence of the tunnel conductance. The power
index 1/2 indicates a distribution of the energy barrier, re-
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FIG. 3. (a) Resistance plotted in logarithmic scale as a function
of temperature for 7,=400 and 650 °C; (b) zero-bias-voltage con-
ductance (G,) plotted in logarithmic scale as a function of 7~ for
T,=400 °C; (c) G, from 130 to 300 K as a function of T~ for T,
=650 °C; (d) G, from 50 to 110 K as a function of 7-'* for T,
=650 °C.

sulting, e.g., from the variation in interparticle spacing.

For T, above 500 °C, a kink appears at around 7y of
about 120 K as seen from the G(-T data [Fig. 3(a)], separat-
ing two regimes with different temperature dependences. G
above Ty shows an exp[—(Ey/T)] dependence [Fig. 3(c)].
Below Ty, G,-T relation is best fitted by exp[—(7,/T)"4]
[Fig. 3(d)]. It is theoretically proposed that the Verwey tran-
sition is accompanied by a change from long range charge
ordering below Ty to short range ordering above Ty, and
charge transport occurs through thermally activated hopping
of small polarons.'® The transition can then be best described
as a semiconductor-semiconductor transition with two states
of different conductivities. Above Ty, because of the short
range charge ordering, charges always find highest probabil-
ity of hopping between nearest neighbor Fe?* and Fe3* sites.
The T-' dependence of conductance is consistent with this
nearest neighbor hopping mechanism. The energy barrier Ep
obtained from the fitting of the 7,,=650 °C curve [Fig. 3(b)]
is 40 meV, well within the range of reported values of
20-60 meV.!® Below Ty, long range charge order leads to
much higher hopping barrier, and charges can find more con-
ducting paths through non-nearest neighbors. The 7' depen-
dence of conductance is consistent with this variable range
hopping behavior.!” From the fitting, T, is determined to be
1.0 10% K, which is on the same order of magnitude but
smaller than previously reported values for Fe;O, thin
films.?02!

The fact that samples annealed with different tempera-
tures show different transport behavior mainly originates
from difference in interparticle spacing. For low temperature
annealed samples, transport is dominated by interparticle
tunneling. The hopping energy barrier between different Fe
sites within the particle is relatively small compared to the
interparticle tunneling barrier. Therefore, resistance due to
intraparticle hopping is of secondary importance, and no Ver-
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FIG. 4. MR as a function of temperature for 7,=(a) 400 °C and
(b) 650 °C; AR in logarithmic scale as a function of temperature for
T,=(c) 400 °C and (d) 650 °C.

wey transition is observed in samples with low annealing
temperatures.

C. Magnetotransport-temperature dependence

Temperature dependence of MR defined as [R(H)-R(H
=0)]/R(H=0) for samples annealed at different temperatures
also shows different behaviors, which is clearly seen in Fig.
4; for samples annealed at low temperatures showing ther-
mally assisted tunneling, the magnitude of MR increases
monotonically with decreasing temperature [Fig. 4(a)]. For
samples annealed at above 500 °C showing the Verwey tran-
sition, the magnitude of MR exhibits a maximum at 7', and
decreases with both increasing and decreasing temperatures
[Fig. 4(b)].

However, as spin dependent resistance AR=|Ry—R,| is
plotted, it increases monotonically with decreasing tempera-
ture, regardless of the annealing temperature. As seen from
Figs. 4(c) and 4(d), AR vs T shows approximately exponen-
tial temperature dependence for both 7,=400 and 650 °C.
This is different from metallic granular systems where AR is
approximately linear in temperature.! The exponential be-
havior suggests a thermal activation process, maybe related
to thermally assisted spin flipping. When considering MR,
the value is normalized by total resistance which includes
contributions from spin independent part. Because the total
resistance increases with decreasing temperature faster than
the increase of AR for T<<Ty, it leads to an upturn in MR vs
T for high temperature annealed samples.

D. Magnetotransport-field dependence

Although resistance and MR show different temperature
dependences for samples annealed at different temperatures,
the MR as a function of field exhibits a ubiquitous behavior.
As seen from Figs. 5(a) and 5(b), the magnitude of MR in-
creases with increasing applied field, changing steeper at
lower fields yet showing no sign of saturation even at the
maximum applied field of 5 T. Such field dependence is ob-
served for all samples annealed at different temperatures,
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FIG. 5. MR as a function of field measured at different tempera-
tures for 7T,=(a) 400 °C and (b) 7,= 650 °C, inset: 300 K hyster-
esis loop measured at the same field range; (c) P; and P, as a
function of temperature for 7,=400 °C and (d) N, and N, as a
function of temperature for 7,,=400 °C.

regardless of the charge transport mechanisms, and indepen-
dent of the magnitude of MR values. It is also qualitatively
similar to MR behavior reported earlier in granular
films.”%1121.22 More importantly, comparing our magnetic
hysteresis with MR vs field, we clearly see that MR is not
correlated with global magnetization. As a comparison, from
1 to 5 T, the change in magnetization is less than 5% [inset
of Fig. 5(b)], while that of MR is more than half of the total
value. The small susceptibility in the magnetization curve at
fields greater than 1 T cannot explain the large change in
MR in this field range.

Several earlier studies on granular systems attributed the
high field dependence to the presence of superparamagnetic
particles.?»?* Due to inevitable distribution in grain sizes in
those granular systems, smaller grains are superparamagnetic
while larger ones are ferromagnetic. Since the magnetization
of superparamagnetic particles can be described by Langev-
in’s function (assuming random easy axis orientation with
low anisotropy), when such grains make main contributions
to spin dependent transport, MR can be described by Lan-
gevin’s function.

In our system, the particles are monodisperse with size
distribution &d/d of less than 10%. We do not expect a pro-
gressive unblocking of particles due to large size distribu-
tions. Furthermore, the superparamagnetic blocking tempera-
ture is above room temperature for samples annealed above
400 °C. We propose that the MR as a function of field for
our system originates from a layer with noncollinear spins at
the nanoparticle surface. Surface with noncollinear spins is
commonly observed in nanoparticle systems with competing
exchange interactions. Due to lower symmetry and missing
nearest neighbors, antiferromagnetic exchange contributes
stronger at the surface, leading to lower magnetic order.?>2
The competing interactions also lead to weaker exchange
coupling between the surface and particle interior. Thus, the
surface magnetization can have its own excitation modes dif-
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ferent from that of bulk, and its field dependence can be
described by a Langevin’s function L(aH). When charges
traverse the nanoparticle array, they will experience two
types of spin dependent scattering (or tunneling): (1) within
the nanoparticle between a shell with noncollinear spins and
spin-aligned core and (2) at the boundaries of two particles
between two shells with noncollinear spins. In the simplest
approximation, MR is proportional to {(cos 6;;) between the
two magnetic entities. For the first process, the MR value is
proportional to the average magnetization of the shell with
noncollinear spins which can be described by L(aH). For
the second process, the value is proportional to L*(a,H).
Based on the assumption above, MR can be expressed by the
following equation:

MR(H) = P\L(a,H) + P,L*(a,H), (1)
where L(aH) is the Langevin’s function,

1

Llat) = tanh(aH) T aH

; (2)
and Py, P,, aj, and a, are fitting parameters. Moreover, «;
=N,up/kgT is related to the effective number of correlated
spins N; participating in the spin dependent transport. In
Figs. 5(a) and 5(b), the solid lines are the fitting curves using
Eq. (1). This function fits accurately all the MR curves of
those samples annealed at different temperatures, including
those published in our previous work.!” This indicates that
the two proposed spin scattering processes make dominating
contributions to MR of the nanoparticle arrays. Parameters
P, and P, represent the weighted contribution of the two
processes to MR. P; and P, as a function of temperature for
T,=400 °C are shown in Fig. 5(c), both of which increase
with decreasing temperature. P; is always larger than P,.
This can be understood since for a given charge, it traverses
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more often the interfaces between the nanoparticle surface
and core than the boundaries between two particles. P, and
P, contain information regarding temperature dependent spin
polarization at the nanoparticle surfaces and interfaces. The
fitted «; values are approximately temperature independent.
For example, for 7,=400 °C, a;=4.4X 107 Oe™! and a,
=3.5X 107 Oe™!. This means that N; decreases quasilinearly
with temperature. As can be seen from Fig. 5(d), N, changes
from 180 at 300 K to 30 at 70 K and N, varies from 1500 to
300. This can be understood qualitatively since surface spin
noncollinearity will decrease with decreasing temperature
due to weakened thermal fluctuations. Efforts are underway
to correlate P; and N; with microscopic spin configurations
and to understand the role of interparticle exchange coupling.
The spin canting combined with the lower spin polarization
at nanoparticle surfaces”’ may be the main factors contribut-
ing to lower MR than that predicted for a half-metal.

IV. CONCLUSION

In conclusion, we have studied charge transport in Fe;O,
nanoparticle arrays annealed at different temperatures. For
low annealing temperature, the transport is dominated by in-
terparticle tunneling, while for high annealing temperature,
the Verwey transition separates two regimes: nearest neigh-
bor hopping for 7>Ty and variable range hopping for 7
<Ty. Despite such difference, magnetotransport is domi-
nated by misaligned spins at nanoparticle surfaces, and field
dependence of MR can be fitted by a Langevin-like function.
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