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ABSTRACT: We report the fabrication of nanoparticle-inte-
grated spin-valve system and investigate its magnetic properties
and magnetotransport behaviors. Using a modified interfacial self-
assembly method, chemically synthesized CoFe2O4 nanoparticles
were assembled as a Langmuir film on liquid/air interface. This
film was further deposited on the sputtered thin films of bottom-
pinned spin valve without additional treatment. The nanoparticle-
assembled film with multilayer structure exhibits uniform and
compact surfaces. Magnetization and magnetoresistance study
show that the integrated nanoparticles give rise to a reduced
interlayer coupling field and an increased magnetoresistance
(MR) ratio in the spin valve. By analyzing the magnetic
interaction between the nanoparticles and the spin valve, it is
inferred that the magnetic stray field induced by the single-domain magnetic nanoparticles reduces the external magnetic field on
the free layer, leading to the change of free-layer magnetization and the attenuation of interlayer coupling. The decrease of this
ferromagnetic-type interlayer coupling resulted in a more favorable antiparallel magnetization configuration, manifested by the
enhancement of MR ratio. This work demonstrates the integration of self-assembled nanoparticles with exchange-biased thin
films, and the results suggest that nanoparticle integration can be employed as an alternative route to modulate the magnetization
switching and magnetoresistance of spin valves.

1. INTRODUCTION

Spin-valve devices have been widely researched not only due to
the fundamental physics of spin transport in their magnetic
nanostructures but also the great potential they demonstrate in
magnetic recording, storage, and sensing applications.1,2 The
standard spin valve consists of two ferromagnetic (FM) layers
separated by a nonmagnetic spacer and an antiferromagnetic
(AF) layer to pin the magnetization of one FM layer by
exchange-bias effect.3 Early works about spin valves fabricated
as giant magnetoresistance (GMR) multilayers mostly focused
on the materials and growth of magnetic layers (disordered and
ordered AF materials,4,5 crystalline and amorphous FM
materials6,7), treatment and processing (magnetic annealing,8

rapid annealing,9 oxidation10,11), and structural modification
(current-perpendicular-to-plane geometry,12,13 synthetic anti-
ferromagnets,14,15 dual spin valve,13,16 lateral spin valve17,18),19

leading to the improvement of sensitivity, areal density,
magnetoresistance (MR) ratio, exchange-bias field, and so
forth. Later on, wide-band gap metal oxides, mainly MgO and
Al2O3, have been used as the tunnel barrier in spin valves and
pseudo spin valves deposited as tunneling magnetoresistance
(TMR) multilayers, achieving significantly higher MR
ratios.20−22 Most recently, atomically thin 2D materials, such
as graphene,23,24 boron nitride,25 and transition-metal dichal-
cogenides,26 were exploited to be used as the spacer layer in

organic spin valves, generating considerable TMR signals with
good stability.27−29 Despite these research works, modifying the
properties of spin valve using magnetic nanoparticles (Fe3O4,
CoFe2O4, FePt)30 have been rarely attempted. It is of
fundamental value and practical interest if magnetic nano-
particles can be appropriately integrated in the active region or
on the surface of spin-valve thin films.31−35 This is due to the
following: first, magnetic nanoparticles with various morphol-
ogies and different compositions can be obtained in a cost-
effective manner by chemical routes;30,36 second, magnetic
nanoparticles with monodisperse size usually possess an
intrinsic insulating layer of stabilizing ligands and additional
material interface/surface,37,38 providing favorable sites for
spin-dependent tunneling and scattering;33,39 and third,
magnetic nanoparticles exhibiting superparamagnetic and
single-domain properties40 are expected to tune the magnet-
ization and magnetotransport behaviors of spin valve through
magnetic interactions.
The major challenge of integrating magnetic nanoparticles

with spin valve is the controlled assembly of nanoparticles as
uniform structures.41 Several methods, such as drying-mediated
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(or evaporation-induced) self-assembly,42,43 chemically assisted
self-assembly,44,45 and interfacial self-assembly,38,46−49 have
been employed to construct magnetic nanoparticles as layered
coatings, defined patterns, or hierarchical superstructures under
the guidance of field or template.50,51 Nevertheless, commonly
adopted nanoparticle self-assembly strategies require chemical
functionalization or heat treatment of the substrates, which in
turn will deteriorate the performance of spin valve, considering
its corrosion resistance and thermal stability.4,52 In this regard, a
suitable method for nanoparticle assembly on magnetic thin
films needs to be developed for the purpose of fabricating
nanoparticle-integrated spintronic devices and investigating
their physical properties.
Herein, this work demonstrates the facile fabrication of

magnetic-nanoparticle-integrated spin-valve system. The nano-
particles were CoFe2O4 nanoparticles with small size but high
saturation magnetization. Nanoparticle-assembled film was
prepared at liquid/air interface by a modified interfacial self-
assembly method. Surface morphology and nanoparticle
arrangement of the assembled structure were characterized at
different scales. Magnetization and magnetoresistance study of
the nanoparticle-integrated spin valve were further performed
to investigate the influence of nanoparticle integration on the
magnetic properties and magnetotransport behaviors of the
spin valve. Magnetic interaction between the nanoparticle and
the spin valve was analyzed by considering exchange-bias effect,
interlayer coupling, free-layer magnetization, and the stray field
generated from the nanoparticles.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Nanoparticles. CoFe2O4 nanoparticles

were synthesized following a literature protocol with several
modifications.53 Fe(acac)3 (2 mmol), Co(acac)3 (1 mmol), 1,2-
tetradecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6
mmol), and benzyl ether (20 mL) were mixed and degassed for
30 min in a three-neck flask equipped with a condenser. Under
a nitrogen blanket, the reaction mixture was heated to 200 °C
for 1.5 h (ramp 10 °C min−1) and then heated to reflux (∼290
°C) for 1 h (ramp 5 °C min−1). The black mixture was cooled
to room temperature and then purified by precipitating and
dissolving operations using acetone and chloroform solvent
(3:1). This purification procedure was repeated three times to
remove excessive surfactants. The solid products were
redispersed in 12 mL of toluene and then centrifuged to
remove any undissolved materials, producing a highly stable
solution of surfactant-coated nanoparticles with a concentration
of 18 mg mL−1.
2.2. Preparation of Nanoparticle-Assembled Film on

Si Substrate. Nanoparticle-assembled film on Si substrate was
prepared through an improved interfacial self-assembly
method.46 As schematically illustrated in Figure 1a, Milli-Q
water was filled into a glass Petri dish (diameter 5 cm), and a
square Si/SiO2 substrate (size 1 cm; thermally oxidized surface)
was fully immersed into the water using a substrate holder. The
substrate was tilted at 20° to define the assembly direction.
Toluene solution of the CoFe2O4 nanoparticles (17.5 μL) was
then dropped onto the water surface at a height of 3 cm using a
micropipet. The black-brown solution quickly spread over the
water surface, producing a thin liquid layer supported on water
surface. A glass lid was partially covered above this liquid layer
to control its evaporation rate. As the toluene evaporated (∼2
min), nanoparticles were assembled onto the liquid/air
interface, leading to a floating film on water surface.

Subsequently, as illustrated in Figure 1b, the underneath
water was withdrawn using a syringe pump to transfer the
floating film onto the substrate surface (speed 2 mm min−1).
Finally, the obtained solid film on Si was allowed to dry for
additional 10 min.

2.3. Preparation of Nanoparticle-Assembled Film on
Spin Valve. Bottom-pinned spin valve was first fabricated on
Si/SiO2 substrate using a magnetron sputtering system (AJA).
The base pressure was 9 × 10−9 Torr and the deposition
operations were performed in argon atmosphere at a pressure
of 3 mTorr. The spin valve possessed the structure of
substrate/Ru (3.5 nm)/Ir20Mn80 (9 nm)/Co50Fe50 (3.4 nm)/
Cu (4 nm)/Co50Fe50 (0.5 nm)/Ni80Fe20 (7 nm)/Ru (3 nm).
During the sputtering process, an in-plane magnetic field of 400
Oe was applied to induce the exchange anisotropy and
magnetic anisotropy directions. The spin valve was further
annealed in vacuum (10−6 Torr) at 210 °C for 0.5 h under an
in-plane magnetic field of 1.6 kOe to enhance the exchange-bias
effect and unidirectional magnetic anisotropy. Finally, nano-
particle-integrated spin valve was prepared by depositing the
nanoparticle-assembled film on the surface of spin valve using
the interfacial self-assembly method as mentioned above. The
structure of the nanoparticle-integrated spin-valve thin films is
presented in Figure 1c.

2.4. Characterizations. The nanoparticles were analyzed
by transmission electron microscopy (TEM, FEI Tecnai-G2),
X-ray diffraction (XRD, Rigaku SmartLab), and vibrating
sample magnetometer (VSM, MicroSense). The nanoparticle-
assembled films were characterized by optical microscopy

Figure 1. (a) Self-assembly of CoFe2O4 nanoparticles on liquid/air
interface. (b) Transferring the nanoparticle-assembled film to substrate
surface. (c) Schematic illustration of the nanoparticle-integrated spin-
valve thin films. Not to scale.
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(Olympus BX-51), scanning electron microscopy (SEM, LEO
1530), and atomic force microscopy (AFM, Digital Instruments
NanoScope-IV). Magnetization curves were acquired by VSM.
Magnetoresistance curves were obtained by four-point-probe
method. The four probes were configured in linear arrange-
ment and placed perpendicular to the applied field direction to
make the effect of anisotropic magnetoresistance (AMR)
negligible.54 The magnetization and magnetoresistance meas-
urements were both performed at room temperature with the
applied field parallel to the easy-axis direction of the spin valve,
and the measurements were repeated three times to remove
training effects.55,56

3. RESULTS AND DISCUSSION
3.1. Cobalt Ferrite Nanoparticles. A prerequisite for

nanoparticle assembly is the preparation of highly stable
organic solution of uniform nanoparticles. Cobalt ferrite
nanoparticles capped by organic surfactants were synthesized
by thermal decomposition of organometallic precursors.57

Benzyl ether was used as the reaction solvent to promote the
anisotropic growth of single-crystalline nanoparticles.58,59 Oleic
acid and oleylamine were used as surfactants to stabilize the
nanoparticles and prevent them from agglomeration.42 It has
been commonly reported that the heating profile has
pronounced effects on nanoparticle morphology.36,40,60 There-
fore, the heating rate and the heating time were optimized to
reduce the size distribution of nanoparticles. The nanoparticle
size was controlled under 10 nm, because small-sized magnetic
nanoparticles exhibit low coercivity and single-domain
behavior, which are favorable for nanoparticle assembly and
device integration.40,61,62

Morphology of the nanoparticles was investigated using
TEM. By dropping the diluted nanoparticle solution (5 μL)
onto carbon-coated TEM grids and controlling the evaporation
rate of the solvent, the nanoparticles spontaneously organized
into hexagonal (Figure 2a) and square (Figure 2b) packing
patterns, corresponding to nanoparticle solution concentration
of 1.2 and 2.4 mg mL−1, respectively. In these nanoparticle-
assembled monolayers, the arrangement order indicates the
uniformity of particle size and the structural diversity implies
the shape-selective nature of the evaporation-induced self-
assembly considering the faceted particle surface.63−65 These
polyhedral nanoparticles have a size of 9.8 ± 0.4 nm and a
spacing of 1.4 ± 0.2 nm, as determined by TEM (Figure 2a).
This spacing was induced by the surfactant coating capped on
nanoparticle surface as a steric barrier.42 Structural information
on the nanoparticles was obtained from XRD. As shown in
Figure 2c, the positions and relative intensities of all the
diffraction peaks are well indexed to the standard diffraction
data of CoFe2O4 with inverse spinel structure (JCPDS: 22-
1086). Magnetic properties of the nanoparticles were studied
using VSM. As shown in the hysteresis loop in Figure 2d, the
saturation magnetization (Ms) and coercivity (Hc) of the
nanoparticles in powder form are 77.1 ± 0.3 emu g−1 and 2.0 ±
0.1 Oe, respectively. The saturation magnetization of the
CoFe2O4 nanoparticle is lower than the value of its bulk
counterpart (93.9 emu g−1) probably due to the synergistic
results of canted spin structure, lattice strain effect, presence of
nonmagnetic organics, and slight oxidation of nanoparticle
surfaces.66

3.2. Nanoparticle-Assembled Film on Si. In general, the
interfacial self-assembly method stands out as a simple and
versatile strategy to build nanoparticles into monolayer or

multilayer structures.47,67−69 In this work, the hydrophobic
nanoparticles capped by nonpolar surfactants were dispersed in
toluene, and this nanoparticle solution was spread on water
surface, producing a liquid/liquid interface between the
immiscible aqueous and organic phases. With the evaporation
of the upper liquid layer of toluene, the solid nanoparticles were
readily formed into a floating film supported on water surface.
The self-assembly process was driven by the minimization of
surface tension and the nanoparticle organization was mainly
determined by surfactant properties, particle morphologies, and
self-assembly dynamics.68 The Langmuir technique was
employed to transfer the floating film to a desired substrate.
By manipulating the water level using a syringe pump, the
liquid/air contact line continuously swept the substrate surface.
As the evaporation proceeded and the drying front moved, this
floating film was deposited onto the substrate.47,48

Nanoparticle-assembled film was first prepared on Si/SiO2
substrate to explore the feasibility of transferring the Langmuir
film of nanoparticles through lift-off. Surface characterization by
optical microscopy (Figure S1a) and SEM (Figure S1b) reveal
that the film has homogeneous surface with clear boundary and
it is composed of closely packed nanoparticles. AFM analysis
(Figure S1c) gives a root-mean-square roughness of 2.6 nm and
a film thickness of 32.9 ± 1.0 nm, corresponding to three layers
of nanoparticles. This nanoparticle-assembled film on Si/SiO2
exhibits mechanical robustness and structural continuity,46

Figure 2. TEM images showing the spontaneous self-assembly of
CoFe2O4 nanoparticles as (a) hexagonal and (b) cubic packing
patterns. (c) XRD pattern (inset, high-resolution TEM) and (d)
hysteresis loop (inset, enlarged part near the origin) of CoFe2O4
nanoparticles.
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allowing the investigation of collective magnetic behaviors of
the self-assembled nanoparticles. Its direct transfer from liquid
surface to solid substrate provides guidelines for the integration
of magnetic nanoparticles with sputtered thin films.
3.3. Nanoparticle-Assembled Film on Spin Valve.

Previous reports on the integration of magnetic nanoparticles
with magnetic thin films include direct growth of thin films on
ion-milled nanoparticles,70 formation of ultrasmall nano-
particles in the barrier of magnetic tunneling junction
(MTJ),31 and analytical modeling of nanoparticle-embedded
MTJ with double-barrier structure.71 Earlier works on the
interaction between spin valve and magnetic nanoparticles were
related to nanoparticle detection and sensor optimization,72−75

while the topic of utilizing self-assembled magnetic nano-
particles to modulate the performance of spin valve, to the best
of our knowledge, has not been explored so far. In this work,
nanoparticle-integrated spin-valve samples were prepared by
fabricating the nanoparticle-assembled film on the sputtered
thin films of spin valve. In the bottom-pinned spin-valve
structure, the magnetization of the bottom FM layer was
pinned by the AF layer, whereas the magnetization of the top
FM layer was free to rotate with the external field. Thus, the
stray field induced from the magnetic nanoparticles can
effectively affect the magnetic orientation of the free layer,
and discernible magnetic interactions between the nano-
particles and the free layer can be expected.75 The first Ru
layer was grown as a buffer to promote the (111) texture of
IrMn and the last Ru layer serves as a capping to protect the
underlying thin films against oxidation.3 The thickness of the
IrMn and CoFe layers were optimized to establish a strong
exchange bias effect at the AF/FM interface. Magnetic
annealing was performed to further enhance the exchange
bias field. The Cu spacer thickness was tuned to achieve
appreciable interlayer coupling between the pinned FM layer
and the free FM layer. A combination of a thin pinned layer and

a thick free layer was used to achieve high sensitivity, which is
presumably associated with the spin collinear structures in
ferromagnetic thin films.76 The thin CoFe insertion layer works
as a barrier against atomic diffusion during annealing and it also
promotes spin-dependent scattering.77

Surface morphology of the nanoparticle-assembled film on
spin valve was studied. The optical image in Figure 3a and the
SEM image in Figure 3b both show that the nanoparticle-
assembled film is uniform and continuous at different scales. It
is noteworthy that the surface coverage of the nanoparticle-
assembled film on the spin-valve thin films is very high (>94%
in area), and this may benefit from the extensive purification,
which was experimentally proved to facilitate the formation of
uniform Langmuir film in our case.67 The 2D AFM mapping in
Figure 3c giving a root-mean-square roughness of 2.5 nm
indicates that the flatness of the nanoparticle-assembled film
was maintained after changing the deposition surface. Addi-
tionally, the cross-section profile (Figure 3d inset) extracted
from the 3D AFM image at the film boundary (Figure 3d)
reflects a film thickness of 41.8 ± 1.1 nm, which approximately
corresponds to four layers of nanoparticles. The thickness of
the nanoparticle-assembled film prepared on spin-valve surface
differs from that prepared on Si surface, implying that the
surface properties of the deposition surface influence the film
thickness. Other experimental factors affecting the film
thickness include evaporation rate of the organic carrier
solvent, area of the liquid surface, dipping angle of the
substrate, and concentration of the nanoparticle solution. Our
experimental results suggest that the most effective way to
control the film thickness is to modulate the nanoparticle
solution concentration. For example, by reducing the nano-
particle solution concentration from 18 to 9 mg mL−1, the
estimated number of nanoparticle layers in the nanoparticle-
assembled film was changed from four to two, and meanwhile
dense and full substrate coverage was maintained. Besides,

Figure 3. (a) Optical image (inset, photograph), (b) SEM image (inset, regions near the film boundary), and (c) AFM image of the CoFe2O4
nanoparticle-assembled film on spin-valve thin films. (d) A 3D AFM image taken at the film boundary (inset: cross-section profile). Region 1
represents magnetic nanoparticle film, while region 2 represents bare spin-valve surface.
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given the close packing of the nanoparticles and the steep slope
of the assembly front, it can be inferred that the nanoparticles
were organized into multilayer structure. Unlike the highly
ordered nanoparticle monolayer prepared by evaporation-
induced self-assembly (Figure 2a,b), this nanoparticle-
assembled multilayer film here did not exhibit long-range
structural order; yet, they exhibited compact organization and
close attachment on the sputtered thin films, which allow the
investigation of their influence on the physical properties of the
spin valve. On the other hand, the ability to tune the thickness
of the nanoparticle-assembled film in the interfacial self-
assembly method provides structural control for nanoparticle
integration with surfaces or devices.
3.4. Magnetization Study. Magnetization study was

performed by measuring the field-dependent magnetization
curves (MH curves) of the spin-valve sample and the
nanoparticle-integrated spin-valve sample. The high-field MH
curves are presented in Figure 4a. It is observed that both

samples exhibited two separated hysteresis loops, which were
related to the magnetizations of free layer and pinned layer.
The free-layer magnetization dominated the MH curve at low
field range, whereas the pinned-layer magnetization demon-
strated obvious shift toward negative-field direction due to the
established exchange-bias effect. The exchange-bias field (Hex)
and the pinned-layer coercivity (Hc‑pinned) measured from the
MH curve of the spin-valve sample are 586.2 ± 0.9 and 381.3 ±
0.6 Oe, respectively, confirming that strong exchange bias (Hex
> Hc‑pinned) was achieved. Compared with the spin-valve sample,
the nanoparticle-integrated spin-valve sample exhibited en-
larged magnetization, which can be attributed to the nonlinear

magnetization contribution from the nanoparticles at high field
range. No discernible difference in pinned-layer coercivity and
exchange-bias strength was found in these two samples. In
order to finely evaluate the magnetization behavior of the free
layer, the low-field magnetization curves of the two samples
were measured and compared, and the results are presented in
Figure 4b. In both samples, the free-layer hysteresis loop shifted
to the same direction as that of the pinned layer case, and the
offset of the free-layer magnetization switching was used to
evaluate the interlayer coupling strength.78 Without the
presence of nanoparticles, the as-fabricated spin-valve sample
exhibited free-layer coercivity (Hc‑free) of 3.4 ± 0.1 Oe and
interlayer coupling field (Hint) of 7.1 ± 0.1 Oe. After integrating
the magnetic nanoparticles with the spin valve, the free-layer
coercivity was increased asymmetrically, accompanied by the
change of the interlayer coupling field. Note that the exact
values of the free-layer coercivity and the interlayer coupling
field in the nanoparticle-integrated sample cannot be directly
extracted from the low field MH curve due to the distortion of
the curve, which results from the magnetization contribution
from the magnetic nanoparticles. These parameters were
further evaluated and will be discussed in the following part
regarding magnetoresistance analysis. Besides, the magnet-
ization influence of the nanoparticles at low field range is
relatively weak compared with the high field case.

3.5. Magnetoresistance Study. Magnetoresistance study
was carried out by acquiring the field-dependent magneto-
resistance curves (MR curves) of the spin-valve sample and the
nanoparticle-integrated spin-valve sample. The major MR
curves measured at high field range are shown in Figure 5a.

Figure 4. (a) High-field MH curve and (b) low-field MH curve of the
spin valve (blue curve with squares) and the nanoparticle-integrated
spin valve (red curve with triangles).

Figure 5. (a) Major MR curve and (b) minor MR curve of the spin
valve (blue curve with squares) and the nanoparticle-integrated spin
valve (red curve with triangles).
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When magnetizing the two samples along the negative-field
direction, the descending branch of the MR curve exhibited a
plateau, indicating a large region of antiparallel magnetization
configuration between the free layer and pinned layer.7 When
demagnetizing the two samples along the positive-field
direction, a sharp peak was observed in the ascending branch
of the MR curve, suggesting that the antiparallel magnetization
configuration only occurred within a narrow region, which can
be ascribed to the large coercivity and the gradual magnet-
ization reversal of the pinned layer.7,79 Note that the variations
in grain size, interface coupling, and stress must be considered
in the sputtered thin films. These factors gave rise to the
disordered AF/FM interface moment and the distribution of
antiferromagnetic anisotropy, as manifested by the rounded
shape of the pinned-layer MR curves.78 By comparison, it is
observed that the nanoparticle-integrated spin-valve sample
exhibited nearly the same values of pinned-layer coercivity and
exchange-bias field as those of the spin-valve sample (578.4 ±
0.9 and 379.7 ± 0.7 Oe), indicating that the introduction of
nanoparticles in the spin valve did not alter the pinned-layer
coercivity or the exchange-bias strength. Such results match
with the magnetization measurements in Figure 4a. Here the
MR ratio is defined as (Rap − Rp)/Rp, where Rp and Rap are the
resistance of parallel and antiparallel magnetization config-
urations, respectively. It is noteworthy that a slight increase of
the MR ratio is observed in the major MR curve of the
nanoparticle-integrated spin-valve sample. To accurately
evaluate the change of the MR ratio and also study the
magnetoresistance behaviors of the free layer, the minor MR
curves of the two samples were measured at low field range and
the results are presented in Figure 5b. By integrating the
nanoparticles with spin valve, the MR ratio was increased from
2.64 ± 0.01% to 2.71 ± 0.01%, approximately corresponding to
an enhancement of 0.07%. In addition, the free-layer coercivity
measured from the MR curves was increased from 2.7 ± 0.1 to
3.9 ± 0.1 Oe, which confirms the change of free-layer coercivity
as observed in the MH curves in Figure 4b. Interestingly, the
interlayer coupling field, measured as the offset of free-layer MR
curve from the zero-field axis, was reduced from 7.0 ± 0.2 to 6.6
± 0.2 Oe, and this suggests that the integrated magnetic
nanoparticles influenced the magnetization process of the free
layer and hence affected the interlayer coupling between the
free layer and the pinned layer. Overall, the magnetoresistance
analysis complements the magnetization analysis by providing
accurate evaluations of the exchange-bias field, pinned- and
free-layer coercivity, interlayer coupling field, and magneto-
resistance performance.
3.6. Interaction between Nanoparticles and Spin

Valve. On the basis of the characterization results of the
nanoparticles and the measurement results of the spin valves, a
mechanism explaining the interaction between the nanoparticle
and the spin valve can be proposed. In our system, the
nanoparticle-assembled multilayer film was densely deposited
on the surface of the bottom-pinned spin valve, as depicted in
Figure 6. The spin valve exhibits weak interlayer coupling
mediated by the spacer, and strong exchange bias effect at the
AF/FM interface. As for the CoFe2O4 nanoparticles, they
demonstrate single magnetic domain behavior due to the small
size (10 nm) and their dipole moments show nearly linear
response to the external magnetic field (H) at low field range
(Figure 2d inset). Taking account of the thickness of the Ru
capping layer (3 nm) in the spin valve and the thickness of the
surfactants (∼2 nm) capped on nanoparticle surface, the

distance from the bottom of the nanoparticle to the top of the
free layer can be approximated as 5 nm. Given the short
distance between the nanoparticles and the free layer, the
magnetic stray field generated from the magnetic nanoparticles
further exerted on the free layer. This stray field induced by the
nanoparticles is in the direction opposite to the free-layer
magnetization. Consequently, the effective magnetic field
applied on the free layer is reduced and the magnetization
rotation process of the free layer is affected, as evidenced by the
increase of free-layer coercivity. On the other hand, the free
layer has a weak ferromagnetic coupling with the underneath
pinned layer, since the MH curve and MR curve of the free
layer shift slightly to the same direction as that of the pinned
layer case. Generally, the interlayer coupling is considered as
the superposition of the magnetostatic coupling (Neél orange-
peel coupling), the pinhole coupling, and the oscillatory
coupling (RKKY exchange interaction).78 Given the composi-
tion and thickness of the spacer (Cu, 4 nm) in our spin valve,
the ferromagnetic-type interlayer coupling here is presumably
related to the magnetostatic coupling resulting from positively
correlated waviness of the FM/spacer and spacer/FM
interfaces.62,78 Such interlayer coupling is weakened after
introducing nanoparticles on spin valve surface, due to the
decrease of the free-layer magnetization. Since the ferromag-
netic-type interlayer coupling favors parallel magnetization
configuration, the reduction of this interlayer coupling leads to
the enhancement of antiparallel magnetization configuration,
which is manifested by the increase of the MR ratio.
The results and the analysis above bring in the concept that

independent control of the free-layer magnetization switching
in spin-valve thin films can be achieved by introducing magnetic
nanoparticles with appropriate organizations and properties.
Furthermore, if the exchange-biased spin valve is fabricated
with thinner spacer and thinner capping layer to induce
stronger interlayer coupling and to improve its interaction with
the nanoparticles, larger decrease of the interlayer coupling field
and stronger enhancement of the MR ratio can be expected
after nanoparticle integration. Note that the magnetization
switching and magnetoresistance change of the spin valve occur
at small field, where the nanoparticles acquire weak magnetic
moments. If the nanoparticles are integrated into exchange-
biased system with large operating field, significant improve-
ment of the device performance can be anticipated. Further
experiments will be performed to fabricate exchange-biased thin

Figure 6. (a) Illustration of the magnetic interactions between the
nanoparticle and the spin valve (not to scale). The red arrows
represent the magnetization, H denotes the applied magnetic field, the
dashed line indicates the stray field induced from the nanoparticle, and
a high-resistance state of the spin valve is presented.
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film system with suitable configurations and explore its
interaction with integrated magnetic nanoparticles by varying
the capping-layer thickness.

4. CONCLUSION

In summary, this work reports the magnetization and
magnetoresistance study of CoFe2O4 nanoparticle-integrated
spin valve. By employing a modified interfacial self-assembly
method, uniform thin films composed of monodisperse
magnetic nanoparticles were produced. The formation of
water/toluene interface and the control of liquid evaporation
allow the preparation of nanoparticle-assembled film at large
scale. This film was further transferred to Si substrate in a facile
and fast manner without additional treatment. In a similar way,
the nanoparticle-assembled film was deposited on the sputtered
thin films of spin valve. Measurement results show that the
integrated nanoparticles cause the decrease of interlayer
coupling field and the increase of MR ratio in the spin valve.
Further investigation of the interaction mechanism indicates
that the magnetic stray field generated from the nanoparticles
reduces the externally applied field on the free layer, leading to
the change of free-layer magnetization, the attenuation of
interlayer coupling strength, and the enhancement of magneto-
resistance.
The presented fabrication procedures provide a facile route

to integrate assembled magnetic nanoparticles with spin-valve
thin films, enabling us to investigate their magnetic interactions
at a range of several nanometers. Moreover, the ability to
modulate the magnetization and magnetoresistance behaviors
of spin valve by nanoparticle integration is beneficial for
engineering spintronic devices with desired performance
toward magnetic sensing and recording applications.
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