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ABSTRACT: An oleic acid-coated Fe,;Co,30, nanocrystal
(NC) self-assembled film was fabricated via drop casting of
colloidal particles onto a three-terminal electrode/MgO substrate.
The film exhibited a large coercivity (1620 Oe) and bifurcation of
the zero-field-cooled and field-cooled magnetizations at 300 K. At
10 K, the film exhibited both a Coulomb blockade due to single
electron charging as well as a magnetoresistance of ~—80% due to
spin-dependent electron tunneling. At 300 K, the film also
showed a magnetoresistance of ~—80% due to hopping of spin-
polarized electrons. Enhanced magnetic coupling between
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adjacent NCs and the large coercivity resulted in a large spin-polarized current flow even at 300 K.
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B INTRODUCTION

Arrays of ferromagnetic nanocrystals (NCs) isolated within
insulating thin layers are known to display both tunnel
magnetoresistance (MR) and Coulomb blockade behavior."
There is great research interest in the MR of NC arrays of the
half-metal magnetite (Fe;O,) and its analogs for the develop-
ment of spin-polarized current switching devices which can
operate above room temperature (RT).>* In multiple junction
systems consisting of arrays of ferromagnetic NCs weakly
electrically contacting one another via thin, insulating barriers,
electron tunneling between the NCs depends on the alignment
of the magnetic moments of adjacent NCs. When the angle
between the magnetic moments of adjacent NCs in a three-
dimensional (3D) system is denoted by 0, the relative
magnetization of the system m is related to & by m* = (cos
0), and the MR is connected to the spin-polarizability (P) of
the charge carriers and m by MR = P*m?*/(1 + P*m*).! MR is
also defined experimentally as MR = (G,/Gy) — 1, where G,
and Gy are the differential conductance (G = dI/dV) for
nonlinear current and voltage (I—V) characteristics in zero and
nonzero magnetic fields (H), respectively. When G is varied
from low to high by a nonzero H, which is strong enough to
change the configuration of the magnetic moments in the
system to be in parallel (§ = 0), the sign of MR becomes
negative.

Half-metal Fe;0, is expected to have fully spin-polarized (P
= 100%) carriers up to its Curie temperature (=~ 840 K);>°
however, the 100% spin-polarizability at high temperatures
remains in controversy still now. If the 100% spin-polarizability
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was preserved even at room temperature (RT), MR for Fe;O,
NCs reaches —50% at RT when the condition m = 1 is fulfilled.
Recently, values of MR = —58% at 200 K and —46% at 295 K
were achieved for self-assembled Fe;O, NC arrays.®> Other than
the values reported by Poddar et al. (MR = —300% at 110 K
and —125% above 150 K),” such magnitudes have no
precedent. MR values of —35% at 60 K,® —40.9% at 110 K,’
—11.5% at 100 K,'* —21% at 130 K, and —13% at 280 K,"*
—17% at 115 K and —7% at RT,"> and —25% at 250 K'* have
been reported. The rather large MR observed below 130 K
reflects an increase in the resistivity due to the Verwey
transition in the Fe;O, crystal lattice.'* An increase in
temperature should lessen the m value because thermal energy
enlarges the O value. An enlarged magnetic coercivity (H.),
strong enough to realize the m = 1 condition above RT, should
provide MR values on the order of —50% for Fe;O, NC arrays.
The large MR brings about very high performance for spin-
polarized current switching devices.

Cobalt is known as an anisotropic moment carrier. Cobalt-
substituted magnetite (Fe;_,Co,0,) exhibits a large magnetic
anisotropy constant (K)," and a large H, has been reported for
self-assembled Fe,_ Co,0, NC arrays.'® There are limited
reports concerning the magnetic properties of Fe; .Co,O,
NCs;'®™'® however, to date, there have been no studies of
the magnetoresistance. Since Co" replaces Fe' in Fe;0,,'® self-
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assembled Fe;_,Co,0, NC arrays are expected to possess a
larger MR than those of Fe;O,, even at RT, since a larger H,
enhances the magnetic coupling between adjacent NCs.

As a foundation for a high-performance spin-polarized
current switching device, the MR of an oleic acid-coated
Fe;_,Co,0, NC self-assembled film fabricated via drop casting
of colloidal particles was examined at 10 and 300 K. The
Fe;_,Co,0, NCs were synthesized by refluxing Fe(acac); and
Co(acac), in a solution of dibenzylether mixed with oleic acid.
Oleic acid, CH;(CH,),CH=CH(CH,),COOH, is an unsatu-
rated carboxylic acid with a cis-double-bond “kink” in the
middle of its Cyg tail. The polar headgroup chemisorbs to the
hydrophilic surface of the NC, and steric repulsion of the long
chain prevents the NCs from agglomerating.' Since oleic acid-
coated NCs are hydrophobic, the slow drying of a hexane
colloidal suspension dropped onto a substrate results in a self-
assembled film with hexagonal networks of NCs.*> This
spontaneous self-assembly phenomenon is commonly used to
control the arrangement of NCs into hexagonally ordered
arrays.”®”!  Geometrically frustrated networks of collinear
magnetic moments cause a spin-glass (SG) transition for two-
dimensional (2D) ordered NC arrays, and decrease G, for spin-
polarized current flow. Furthermore, hydrophobization by oleic
acid is highly advantageous in preventing the lowering of the
observed spin polarization due to surface oxidation.”* Electron
tunneling into a Fe; ,Co,0, NC which has been isolated by
oleic acid increases the electrostatic charging energy (Ec).
Thus, tunneling between adjacent NCs can be blocked at low
temperatures and voltages. In this study, at 10 K, a drop-cast
Fe;_,Co0,0, NC film exhibited both Coulomb blockade
behavior and MR due to spin-dependent electron tunneling
above the Coulomb blockade threshold voltage (V). The
observed MR reached ~—80% in both H = 0.25 and 0.5 T,
which suggests fulfillment of the m = 1 condition in the drop-
cast Fe; ,Co,0, NC film. At 300 K, the thermal energy is
larger than E, and hopping of spin-polarized electrons occurs
between adjacent NCs. The drop-cast Fe; ,Co, 0, NC film
exhibited MR ~ —80% at 300 K in H = 0.2 T. So, the m = 1
condition persists even at 300 K. Herein we report MR ~
—80% at both 10 and 300 K for an oleic acid-coated
Fe,;Co0,30, NC drop-cast film.

B EXPERIMENTAL SECTION

Synthesis of Fe,;Co, 30, NCs and Fabrication of the NC Self-
Assembled Film by Drop Casting. Fe;_,Co,0, NCs were
synthesized from Fe(acac); and Co(acac), in a solution of
dibenzylether and oleic acid according to an established procedure.”®
Fe(acac);, Co(acac),, dibenzylether, and oleic acid were combined in a
5:1:157:12 molar ratio and stirred vigorously for an hour at RT. The
mixture was then refluxed at 573 K for half an hour. After cooling to
RT, the NCs were precipitated from the crude solution by adding a 1:1
mixture of toluene/hexane followed by centrifugation. The precipi-
tated NCs were washed with anhydrous chloroform and then
dispersed in a weakly alkaline (pH = 10.4) aqueous solution. After
stirring for 10 min, additional oleic acid (molar ratio of [Fe + Co]/
[Cy5H340,] = 1:42) was added to the solution with vigorous stirring.
After stirring for another 20 min, 1 N HCI was added to neutralize the
solution. After removal of the transparent solvent, the oleic acid-coated
NCs were dispersed in hexane. The NCs were used without
postpreparative size selection for fabrication of the NC self-assembled
film by drop casting. The hexane colloidal suspensions were dropped
onto a three-terminal electrode/MgO substrate and then dried at 573
K for half an hour at 100 Pa of air to yield an oleic acid-coated
Fe;_,Co,0, NC self-assembled film.

The as-synthesized Fe;_,Co,0, NCs demonstrated an Fe/Co
atomic ratio of 40:5 in energy dispersive X-ray (EDX) analysis, so the
composition is denoted Fe,;C0y;0,. (A sample EDX spectrum is
provided in the Supporting Information.) A sketch of the three-
terminal electrode/MgO substrate is shown in Figure la. First, the
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Figure 1. Sketch of the three-terminal electrode/MgO substrate (a,
upper left), optical microscope image in the vicinity of the S-D
electrodes (a, upper right), and sketch of the concept of the drop-cast
NC film on the substrate as a two-terminal spin-polarized current
switching device (a, lower). Representative SEM (b) and TEM (c)
images of the as-synthesized Fe,,Co,30, NCs. Representative high
resolution TEM image of an as-synthesized Fe, ;Co,30, NC (d). XRD
pattern of the as-synthesized Fe,,Co,30, NCs (e).

substrate was patterned using photolithography to define an 80 ym
long Au gate electrode. Subsequently, a 1 pm thick SiO, layer was
deposited as a gate insulator via plasma chemical vapor deposition.
Then, a further photolithography step was undertaken in order to
define the Au source (S) and Ni drain (D) electrodes with an
interelectrode distance of 100 ym.

Structural, Magnetic, and Magnetoelectric Characterization.
The size and shape of the as-synthesized Fe,;Co,3;0, NCs were
examined using a HITACHI S-4800 scanning electron microscope
(SEM) operated at an electron acceleration voltage of 1 kV, and a
JEOL JEM-3100FEF transmission electron microscope (TEM)
operated at an electron acceleration voltage of 300 kV. The crystal
structure of the as-synthesized NCs was confirmed via X-ray diffraction
(XRD) using a Rigaku CN2013 diffractometer with Cu Ka radiation.

Magnetic characterization was carried out using a superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design, MPMS-5S). In order to acquire the temperature dependence
of the dc magnetization (M—T) measurements, the sample was cooled
from RT to 5 Kin H = 0, and then H = 0.01 T was applied. The zero-
field-cooled (ZFC) magnetization was recorded with increasing
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temperature to 300 K. After the ZFC measurements, the sample was
again cooled to S K in H = 0.01 T, and the field-cooled (FC)
magnetization was then recorded, with temperature again increasing to
300 K. For magnetoelectric measurements, the S and D electrodes
were bonded via gold wires to the Keithley Instruments Inc. Model
6487 Picoammeter/Voltage source. The I-V character in H = 0 was
measured first, and then that in H # 0. At 10 K, the I—V characteristics
in H # 0 were measured in fields of around H = 0.25 and 0.5 T.

B RESULTS AND DISCUSSION

Figure la also shows our concept of a two-terminal spin-
polarized current switching device. Although a three-terminal
substrate was used to fabricate the self-assembled NC films,
only two-terminal device characteristics are reported here. Spin-
and dip-coating are the conventional methods for the
preparation of NC films; however, these methods are usually
not suitable for the assembly of a 2D superstructure of NCs in a
film. Thus, a drop casting method was utilized in order to
fabricate films of 2D ordered NC arrays by self-assembly. Such
films of octahedral Fe,_ M,O, (M = Mn and Fe) NCs have
been achieved via drop casting before.>*** Figure 1(b and c)
shows typical SEM and TEM images of the as-synthesized
Fe,,Co0y30, NCs, indicating both octahedra and elongated
hexagons, respectively, approximately 30—40 nm in size. The
triangular facets shown in the SEM image indicate that the
{111} planes of octahedral NCs are well-developed. The
anisotropic shape of the octahedron promotes self-assembly of
the NCs in a highly packed and oriented structure, and the
construction of a hexagonal NC lattice with collinear
ferromagnetic moments.’ Accordingly, Fe,,Co,;0, NC self-
assembled films fabricated by drop casting would be expected
to exhibit an SG transition near RT and a largely decreased G,
for spin-polarized current flow.

The high resolution TEM image presented in Figure 1d
demonstrates a lattice fringe of 0.25 nm, corresponding to the
spacing of the (311) planes of the Fe, ;Co,;O, crystal (ICDD
04-006-3507). As shown in Figure le, the XRD for the as-
synthesized Fe,;Co(30, NCs has a diffractogram attributable
to an inverse spinel-type cubic lattice (space group Fd3m) with
a lattice parameter typical of oxide spinels (¢ = 0.84 nm). The
crystallite size as estimated by Scherer’s equation is 36 nm
(radius = 18 nm). Assuming an inter-NC space s of 4 nm due
to oleic acid, the interelectrode distance of 100 ym corresponds
to ca. 2500 NCs.

As a basis for considering the magnetic and electric
characteristics of Fe,,Co030,, the electronic structure of
Fe,O, with an inverse spinel-type crystal lattice is illustrated
in the upper part of Figure 2. In the unit cell of the Fe;O,
crystal, Fe'" (S = 5/2) is distributed equally at both the A- and
B-sites. The A- and B-sites are surrounded by oxygen tetrahedra
and octahedra, respectively. If Fe"" (S = 2) and Fe'" alternately
occupy the B-sites, then the Fermi level (Ep) locates in the spin-
down t,, band. As shown in the lower part of Figure 2, Co" (S
= 3/2) substituting for a third of the Fe' sites, supplies two
spin-down t,, electrons. Thus, carriers hopping between the B-
sites are still fully spin-polarized even in Fe,;Co;0,.
Therefore, the spontaneous magnetization (M,) per formula
unit decreases from 4 uy to 3.7 pp, and the number of spin-
polarized t,, electrons per formula unit increases from 1 to 1.3
upon altering Fe;O, to Fe,,Co,;0,.

As shown in Figure 3a, the as-synthesized Fe,,Co,;0, NCs
demonstrate a ferromagnetic hysteresis loop with H, = 740 Oe,
which agrees well with that reported by Yu et al.'® In contrast,
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Figure 2. Upper illustration: The magnetic moments of Fe' at the A-
and B-sites are antiparallel (AP), and compensate for each other due to
an antiferromagnetic superexchange (SE) interaction mediated by the
apical oxygen (O) ion. The Fe™ and Fe" 3d states with te and ¢,
symmetry are separated by crystal-field splitting due to the octahedral
coordination field of the B-site. The t,, spin-down electron hops
between the Fe and Fe' at the B-site. Lower illustration: In the
Fe,,Coy30, crystal, Co™ is substituted for a third of the B-site Fe'l
ions. Two spin-down t,, electrons are supplied from the B-site ColL.
The sketch is for the ideal case of Fe,,;Co0y30,. Generally, Co can
occupy also the A-site to some extent.

however, as-synthesized Fe;0, NCs produced under the same
conditions (except for a lack of Co(acac),) exhibit a sigmoidal
curve with H, = 70 Oe. The larger H, for the as-synthesized
NCs of Fe,,Coy30, is what is expected for the chemical
substitution, and suggests that the spin—orbit coupling of Co"
is more effective than that of Fe'.*

As shown in Figure 3b, both the as-synthesized Fe,,Co,;0,
NCs and the drop-cast Fe,,Co3;0, NC film are in the stable
state, which means the relaxation time 7 is larger than 100 s at
300 K. Such single-domain NCs have the size larger than the
critical size at which Hc becomes zero. The blocking
temperature T (= KV/2Skg), where V is the volume of each
NC and kg is the Boltzmann constant, of the as-synthesized
Fe,;Co0y30, NCs is higher than 300 K. For each single-domain
Fe,;Co0y30, NC, the thermal energy at 300 K is not sufficient
to be superparameganetic. Higher T} for the NC with constant
V is resulted from larger K. The drop-cast Fe,,Co,3;0, NC film
exhibits a further enlargement in H, to =1620 Oe. Hence, Ty of
the drop-cast Fe,;Co,3;0, NC film should be higher further
than 300 K.

Based on the Stoner and Wolfarth model,?® K = HoM, /2
(here, M at 1 T is treated as M,) of the as-synthesized NCs and
the drop-cast NC film of Fe,,Co,;0, were estimated to be 1.4
X 10* J/m® and 3.0 X 10* J/m?, respectively. The volume V =
2.0 X 107 m® was derived from the crystallite size. Thus, the
anisotropy energy barrier KV, limiting free rotation of the
magnetic moments away from the easy axis, amounts to 1.75
and 3.75 eV for the as-synthesized NCs and the drop-cast NC
film of Fe,,Coy30,, respectively. The KV value of the drop-cast
Fe,;Co030, NC film is much larger than the thermal energy at
300 K (26 meV). Therefore, the magnetic moments of the
individual Fe, ,Co,304 NCs in the film cannot reverse direction
rapidly as a result of the thermal energy. The enlarged
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Figure 3. M—H curves normalized to H = 1 T of the as-synthesized
Fe,,C0y;0, and Fe;0, NCs at 300 K (a). M—H curves of the as-
synthesized NCs and drop-cast NC film of Fe, ,Co,;0, at 300 K (b).
FC and ZFC dc M-T curves of the as-synthesized NCs and drop-cast
NC film of Fe,,Coq30, at H = 100 Oe (c). ZFC ac y'—T (d) and y"—
T (e) curves at 1 Hz of the drop-cast Fe,,Co,30, NC film.

magnetization reversal energy for the drop-cast Fe,,Co3;0,
NC film is expected to bring about an enhancement in the spin-
polarized current flow via the multiple magnetic junctions in H
# 0.

For the drop-cast Fe,,Co0,30, NC film, M at H = 02 T
reached ~90% of that at H = 1 T, and M was almost saturated
above H=0.5 T. At H=1T, M (17 emu/g) of the drop-cast
film amounted to 25% of that of the as-synthesized NCs (70
emu/g), and consequently, the mass percentage of Fe,,Coy30,
NC in the film is approximately 25%.

Figure 3¢ shows M—T curves of the as-synthesized NCs and
drop-cast NC film of Fe,;Co30,4 which demonstrate
bifurcation of the FC and ZFC magnetizations at T > 300 K.
For the as-synthesized Fe,,Co,3;0, NCs, the FC magnetization
remains almost constant below 300 K, whereas the ZFC
magnetization is smaller, even at 300 K, and decreases almost
linearly with decreasing temperature. For the drop-cast
Fe,,Co0,30, NC film, the FC magnetization decreases
gradually from 300 to 200 K and remains almost constant
below 200 K. The ZFC magnetization bifurcates from the FC at
300 K, decreasing with decreasing temperature to 150 K, and
then remains almost constant below 150 K. Such a cooling
history-dependence of the dc magnetization is indicative of the
slow dzrnamics common in self-assembled ferromagnetic
NCs.>”*® Figure 3d shows the temperature dependence of
the real part of the ac susceptibility (y'—T) of the drop-cast
Fe,,Co0;0, NC film. ' peaks broadly at around 300 K,
decreases gradually with decreasing temperature from 200 to

100 K, and then falls sharply below 100 K. Figure 3e shows the
temperature dependence of the imaginary part of the ac
susceptibility (y”—T) of the film. y” shows a broad peak at 250
K and a narrow peak at around 20 K. The " anomaly at 20 K is
an indication of the superspin glass transition in each isolated
NC,*® while that at 250 K, which is peculiar to the film,
corresponds to the freezing of frustrated magnetic moments.
Electron transport via the oleic acid-coated Fe,,Co,;0, NCs
requires Ec = {e*/8me,e }{[1/r] — [1/(r + 5)]}, where ¢ and &,
are the elementary charge and the vacuum permittivity,
respectively.®® If the relative permittivity of oleic acid &, = 2
is assumed, Ec amounts to 3.6 meV. The thermal energy of
electrons is not large enough to overcome E, which makes the
drop-cast Fe,,Co,;0, NC film an insulator; however, a large
bias V > E¢ opens conduction paths via the NCs in the film. At
10 K, the thermal energy of electrons is 0.9 meV, so the drop-
cast Fe,;,Co0y;0, NC film demonstrates both Coulomb
blockade and MR due to spin-dependent electron tunneling.
As shown in Figure 4a, the I-V characteristics are
asymmetric at 10 K. The asymmetry may be due to the

Figure 4. I-V characteristics in H = 0, 0.25, and 0.5 T (a), G vs V plot
(b), and MR vs V plot (c) of the drop-cast Fe,,Co,30, NC film at 10
K.

nonmagnetic Au and ferromagnetic Ni electrode structure of
the device. Additionally, spin-dependent electron tunneling is
totally blocked in the range from —175 V (=70 mV/NC) to
150 V (60 mV/NC) due to local charging of the NCs by a
single electron, despite the change in H. Outside of that range,
electron tunneling paths between the S and D electrodes are
opened, and the tunnel current starts to flow via the NCs in the
film. As also seen in Figure 4a, below and above V =~ 200 V (80
mV/NC), I increases rather slowly and then rapidly,
respectively, with increasing V. Just above Vi (150 V), a V
larger than E was applied for the first time to the film, at which
point electron tunneling occurs most likely along a single path
or a small number of branches. When the V value is further
increased, I flows between the S and D electrodes through
multiple pathways, which branch out and reconnect.®*

For the drop-cast Fe,,Co(30, NC film, spin-dependent
electron tunneling responds not only to V but also to H. If the
magnetic moments of the NCs align in parallel due to an
applied H # 0, Gy becomes larger than G, at V > V. Figure 4a
demonstrates that for H = 0.25 and 0.5 T, I is enlarged at V >
200 V to almost the same degree. Each G peak in Figure 4b
corresponds to the tunneling of an electron through the excited
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energy states of an Fe,;Co,30, NC in H = 0, 0.25, and 0.5 T.
The height and width of the Gy peak for 0.25 and 0.5 T were
enlarged in the same way, and the position of the Gy peak for
0.25 and 0.5 T were lowered similarly by 20 V from 2280 V (H
=0) to 260 V (H # 0). The number of electrons confined to
a NC by E. varies with H; in H = 0, it is small, and in H # 0, it
is large. At V =245V, G, dips. Thus, MR at 10 K in both H =
0.25 and 0.5 T reaches —80% at V = 245 V, as shown in Figure
Sc. The magnetic coupling between the NCs in the drop-cast

1(nA)

ol . L
-300-200-100 0 100 200 300
V(V)

L L 1 1 1
-300-200-100 O 100 200 300
Vv

-80 L L L L 1 111 I L
-300-200-100 0 100 200 300 0 100 200 300
Vi(V) V(V)

Figure 5. [-V characteristics in H = 0 and 0.2 T (a), G vs V plot (b),
MR vs V plot (c), and fitting of the I-V curve in H = 0 T to estimate
the £ value (d) for the drop-cast Fe,,Co,30, NC film at 300 K.

Fe,;Co0y30, NC film is enhanced by H = 0.25 and 0.5 T to
almost the same degree. The spin-dependent electron tunneling
probability increases rapidly above V = 200 V in the same way.
Spin-polarized current flowing through multiple magnetic
junctions is affected by competing dipolar interactions. The
frustrated magnetic moments in percolating current paths give
rise to a small G,. An application of H # 0, which rotates the
frustrated magnetic moments into mutual alignment (m = 1),
results in a large Gy. The MR ~ —80% in both H = 0.25 and
0.5 T indicates fulfillment of the m = 1 condition for the drop-
cast Fe;_,Co,0, NC film.

At elevated temperature, G of the drop-cast Fe,,Co,;0, NC
film is no longer determined by the Coulomb blockade.
Because the thermal energy of electrons at 300 K is larger than
E, the assumption that V = 0 V becomes rational. Since the
frozen magnetic moments at low temperatures in percolating
current paths thaw progressively with increasing temperature,
the frustrated magnetic moments are probably still partially
frozen, and yet cooperatively, randomly switching at 300 K.
Thus, G, remains small even at 300 K, and H fulfilling the m =
1 condition enlarges Gy in the spin-polarized electron hopping
between adjacent Fe,,Co, 30, NCs. Therefore, a large, negative
MR at 300 K is also expected for the drop-cast Fe, ,Co,;0, NC
film.

As shown in Figure Sa, the drop-cast Fe,;Coy30, NC film
demonstrates nonlinear -V characteristics at 300 K, which
resemble intergranular tunneling conductance.>” At every V, H
= 0.2 T enlarges the I value and lowers the nonlinearity of the
I-V curve. As seen in Figure Sb, G, and Gy were low and high,
respectively. It is well-known that an anisotropic effect is absent
in the MR of granular systems.>> An H applied perpendicular to
the film surface aligns the magnetic moments of the NCs

parallel to each other and results in an enlargement of the spin-
polarized current flowing through adjacent NCs. The G-V
curves dip low around V = 0 and rise up sharply with increasing
I[Vl. The G—V characteristic of a single interparticle tunneling
junction is assumed to be proportional to the density of NC
occupied states on the S side, and to that of empty states on the
D side. Electron tunneling at different values of V is used to
probe different energy ranges of the density of NC states above
Ep on the D side. As is discussed above, 2500 NCs are
estimated to lie between the S and D electrodes in this
experiment, so the S—D bias voltage amounts to 0.12 V/NC at
V' = 300 V. Therefore, the 50 V half-width of the G—V peak
mirrors the 20 meV-wide empty state in the conduction band
of Fe,,Co(50,.

As shown in Figure Sc, the MR of the drop-cast Fe,;Co,;0,
NC film reaches ~—80% at 300 K in H = 0.2 T. An increase in
the temperature should lessen the degree of spin-polarization
near Er, although a large negative MR (~—80%) is still retained
at 300 K. In 3D multiple junction systems, randomly
distributed ferromagnetic NCs cannot yield an MR exceedin%
—50%, even if the m = 1 and P = 100% conditions are fulfilled.
Therefore, the dimensionality of the spin-golarized current flow
paths was examined via power-law scaling *with I~ (V = Vp)s.
This power law is related to the progressive opening of
conduction channels. As shown in Figure Sd, the experimental
I-V curve fits well with the critical exponent £ = 1.4 when Vi =
0 V is assumed. The & values for 1D and 2D NC arrays have
been analytically determined to be 1 and 5/3, respectively.>' So,
an experimental ¢ value located between those of 1D and 2D
NC arrays suggests that spin-polarized current flows through
nearly 2D percolated paths among the self-assembled
Fe,,Co0y30,4 NCs in the drop-cast film.

The symmetric and nonlinear I-V curve with Vi = 0 V
suggests that the variable range hopping (VRH) conduction
predominates in the transport at 300 K. In contrast to the spin-
dependent tunneling conduction between adjacent NCs at 10
K, the conductance to a more distant state is favored in VRH,
because of the smaller activation energy. The activation energy
is proportional to an inverse of hopping distance. So, the
nonmagnetic Au and ferromagnetic Ni electrode structure of
the device scarcely influences on MR ~ —80% at 300 K of the
drop-cast Fe,-,Co,;0, NC film.

B CONCLUSION

Fe,,Co0y30, NCs, in which Co" is partially substituted for Fe
in Fe;0,, were employed to fabricate an oleic acid-coated
Fe,,Co0y30, NC film using the spontaneous self-assembly
phenomenon of colloidal particles. The drop-cast Fe,,Co,50,
NC film demonstrates a large H, (1620 Oe), which is necessary
for fulfilling the m = 1 condition, even at 300 K. At 10 K, the
film exhibits both a Coulomb blockade and MR. Spin-
dependent electron tunneling in both H = 0.25 and 0.5 T
results in an MR ~ —80% above V. Thermal energy brings
about Vi = 0 V at 300 K, followed by hopping of spin-polarized
electrons between adjacent NCs. At 300 K, the film exhibits
MR ~ —80% at V.~ 0 Vin H = 02 T. Thus, the m = 1
condition persists even at 300 K. Fulfillment of the m = 1 and P
= 100% conditions for Fe,;Co,30, NC arrays gives rise to a
large MR for the drop-cast film, which can offer very high
performance for a spin-dependent current switching device.
Only two-terminal device characteristics of the drop-cast
Fe,;Co0030, NC film are reported, though the three-terminal
electrode substrate used in this study is useful for the
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fabrication of a top gate-type spin-dependent field-effect single
electron transistor. In such a transistor, tuning of the top-gate
voltage allows precise control of the number of electrons on an
NC. Vr is tunable by the NC size, and I at outside of the
Coulomb blockade range can be enhanced by H # 0. Interplay
of spin-dependent transport, single electron charging, and field
effect realizes a high performance spin transistor, which exhibits
intriguing properties.

B ASSOCIATED CONTENT

© Supporting Information

X-ray emission spectrum of as-synthesized Fe,,Co,;0, NCs.
This material is available free of charge via the Internet at
http://pubs.acs.org/.
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