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ABSTRACT: In the past few decades, superparamagnetic nano-
particles (SPMNPs) have attracted increasing attention in a wide
range of magnetic theranostics including magnetic biosensors, drug
delivery, magnetic separation, magnetic imaging, hyperthermia
therapy, and so on. Superparamagnetic iron oxide nanoparticles are
currently widely used for these purposes despite their low
saturation magnetizations (below 80 emu/g). In pursuit of higher
magnetic signals (spatial resolutions) for magnetic imaging, higher
sensitivity (limit of detection) for biosensing, higher efficiency, and
lower dosage in drug delivery and hyperthermia therapy, magnetic
compounds and alloys that generally have higher saturation
magnetizations are of interest. FeCo SPMNPs are considered
promising candidates for biomedical applications due to their good
corrosion resistance, stability, and high saturation magnetizations (over 220 emu/g). However, the critical size for FeCo
nanoparticles to be superparamagnetic is limited by a theoretical value of ∼15 nm, making it difficult to further increase the magnetic
moment per SPMNP. Herein, we report a method to synthesize large single-crystalline FeCo nanoparticle complexes (NPCs) with
an overall size of ∼100 nm while retaining the superparamagnetic properties. These large FeCo NPCs are synthesized by self-
assembling 3 nm FeCo nanoparticle units through a DC sputtering-based gas-phase condensation (GPC) method. By controlling the
sputtering parameters like sputtering current density, sputtering pressure, and carrying gas velocity in the GPC system, the
nucleation and growth of FeCo nanoparticles can be tuned, and different sizes of nanoparticles can be obtained. The large FeCo
NPCs are formed from the second crystallization of small FeCo nanoparticle units with well-aligned crystalline axes, which show
both high saturation magnetization and superparamagnetic properties suitable for biomedical applications. It is expected that with
the superparamagnetic behavior and higher magnetic moment per FeCo NPC, they can potentially bring higher sensitivities to
magnetic biosensors that rely on the magnetic labels, higher efficiency in hyperthermia therapy, and lower dose requirements for
magnetic imaging and separation.
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1. INTRODUCTION

Nowadays, superparamagnetic nanoparticles (SPMNPs) play
an important role in a variety of magnetic theranostics such as
magnetic biosensors,1−6 hyperthermia therapy,7−11 magnetic
resonance imaging,12−15 and drug delivery.16−19 The perform-
ances of these applications largely depend on the magnetic
properties of SPMNPs regarding their physicochemical
stability, cytotoxicity, size, and magnetic moment per
particle.1,20 Currently, superparamagnetic iron oxide nano-
particles (SPIONs) are prevalently used for these applications
due to their ease of synthesis, inexpensiveness, controllable
size, biocompatibility, and cytotoxicity. However, the satu-
ration magnetizations of SPIONs reported are below 80 emu/
g, limiting the magnetic moment per particle.21,22 Alternatively
magnetic compounds and alloys that show higher saturation
magnetizations are being explored to provide alternative
choices besides iron oxide in views of higher magnetic signals.

FeCo is considered one of the candidate materials.23 It has the
highest saturation magnetization (of all SPMNPs) based on
Slater−Pauling curves.24−26 In addition, by coating FeCo
MNPs with biocompatible layers, their cytotoxicity issues can
be solved.1,27−31 However, magnetic moment per particle is
not only dependent on the saturation magnetization of a
material but also on the magnetic core sizes of nanoparticles.
For MNPs to maintain superparamagnetic properties at room
temperature, their magnetic core sizes should be smaller than a
critical size, which varies for different magnetic materials.32,33

Received: July 9, 2021
Accepted: August 23, 2021
Published: September 1, 2021

Articlewww.acsanm.org

© 2021 American Chemical Society
9382

https://doi.org/10.1021/acsanm.1c01870
ACS Appl. Nano Mater. 2021, 4, 9382−9390

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IN
N

ES
O

TA
 o

n 
M

ay
 2

, 2
02

2 
at

 2
1:

54
:0

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinming+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shihai+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianmin+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun-Hao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Ping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.1c01870&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01870?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01870?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01870?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01870?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01870?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aanmf6/4/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/9?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/9?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


For example, the critical size for iron oxide nanoparticles to be
superparamagnetic is around 25 nm, while it is 15 nm for FeCo
nanoparticles.34 Thus, the requirement of superparamagnetic
property limits the largest size of FeCo nanoparticles and the
largest possible magnetic moment per particle that we can
achieve for biomedical applications.
Self-assembling smaller SPMNPs, namely, smaller nano-

particle units, into larger magnetic nanoparticle complexes
(NPCs) is one option to synthesize larger size MNPs while
maintaining the superparamagnetic behaviors.35,36 Chemical
methods have been developed either to produce colloidal
crystals,37 or to self-assemble smaller nanoparticles into three-
dimensional (3D) arrays with controllable distances between
nanoparticle units.38−40 For example, Hugounenq et al.
reported the chemical synthesis of flower-shaped NPCs that
constituted of smaller grains of approximately 11 nm.41 These
flower-shaped NPCs show interesting magnetic properties and
a great capacity of heating. Besides the chemical methods, self-
assembled Mo and Mo−Cu bimetallic nanoparticles using a
physical gas-phase condensation (GPC) method have also
been reported.42,43 The superparamagnetic behavior of NPCs
might come from the cooperative phenomenon of the
interaction of magnetic domains, which was reported by
Gazeau et al. on iron oxide multi-core nanoparticles.44 A
magnetic vertex structure can be formed in a NPC with
superparamagnetic behavior because of the weak magnetic
exchange interactions between the small building blocks of an
NPC, which is demonstrated by micromagnetic simulation in
this article.
So far, neither the formation mechanism of the self-

assembling NPCs nor the functional applications have been
reported using a GPC technique. In contrast to conventional
nanoparticle synthesis approaches (i.e., colloidal method), this
GPC technique can individually control the nucleation and
growth stages of nanoparticles in both time and space domains
by adjusting the gas pressure, velocity, and sputtering power
density.45−54 On the other hand, it can strictly control the
dimensions of spaces related to the glow discharge effect,
including the cathode dark space (CDS) and negative glow
(NG) region, by adjusting gas pressure, gas flow configuration,
and sputtering power density. Thus, the FeCo NPCs can be
synthesized by controlling the interaction between these two
spaces. Herein, a GPC method was used to synthesize large
(∼100 nm), cubic FeCo NPCs that exhibit superparamagnetic
behavior at room temperature. The formation mechanisms of
the 3D self-assembled FeCo NPCs were proposed which
related to the glow discharge effect in the GPC technique.

2. EXPERIMENTAL SECTION
2.1. Synthesis of FeCo NPCs by a GPC Method. A schematic

drawing of the GPC system is shown in Figure 1. Fe and Co atoms
produced by a dc magnetron sputtering source start to nucleate and
grow to form nanoparticles. A plate with an orifice separates the
system into two chambers: the sputtering chamber containing a
sputtering source to synthesize nanoparticles and the deposition
chamber with a substrate to collect these nanoparticles. A pump keeps
pumping at the end of the deposition chamber to make a pressure
differential between these two chambers, and the synthesized
nanoparticles will be carried by the gas flow through the orifice and
deposited on a substrate. An Fe60Co40 alloy target was used in the DC
sputtering-based GPC system as the source material to prepare the
FeCo NPCs. The base pressure of the GPC system was ∼10−7 Torr,
and ultrapure argon (99.999%) gas was used as the sputtering and
carrying gas. A high sputtering pressure of 450 mTorr was applied to

enhance the collision rates between sputtered atoms and the argon
atoms. The collision transfers the energy of the sputtered atoms to the
argon atoms, so that the temperature of the sputtered atoms drops,
which allows the nucleation and growth of nanoparticles/NPCs to
occur. The details of the GPC system can be found in our previous
studies.55,56

2.2. Phase and Morphology Characterizations of FeCo NPCs
and Nanoparticles. The phase information and morphology of
FeCo nanoparticles and NPCs were characterized by a transmission
electron microscopy (TEM). Briefly, the synthesized FeCo nano-
particles and NPCs were carried by argon gas flow in the GPC system.
A TEM grid was placed in the path of nanoparticles and NPCs for
collection. Then, the TEM grid was transferred into a transmission
electron microscope for the characterizations. During the transfer
process, nanoparticles and NPCs were exposed to air, and a very thin
native oxidation layer could be observed from the TEM images.

2.3. Magnetic Property Characterizations of FeCo NPCs and
Nanoparticles. The magnetic properties of FeCo nanoparticles and
NPCs were measured using a superconducting quantum interference
device (SQUID) at room temperature. The nanoparticles and NPCs
were collected on a small piece of the silicon substrate for the
magnetic characterizations. A capping layer was applied to protect the
nanoparticles and NPCs from oxidation after taking them out of the
high vacuum chambers of the GPC system.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure and Morphology Character-

izations of Synthesized FeCo NPCs. Figure 2 shows the
TEM images of synthesized FeCo NPCs. From the zoom-out
view in Figure 2a, we can see that these FeCo NPCs are cubic
with an average size of around 100 nm. Figure 2b shows the
zoom-in image of one FeCo NPC, and its diffraction pattern is
shown in Figure 2c. The diffraction pattern indicates that these
FeCo NPCs are single crystal, which matches well with the
body-centered cubic (bcc) FeCo structure with the zone axis
of [001]. A dark-field image of the large FeCo NPC is shown
in Figure 2d. The black and white contrast in the nanocrystal
indicates that each NPC is an assembly of smaller FeCo
nanoparticle units. The single-crystal diffraction pattern, as
shown in Figure 2c, proves that the crystal axes of these FeCo
nanoparticle units are perfectly aligned when forming the large,
cubic NPCs.
Furthermore, the FeCo NPC is titled 45° and its diffraction

pattern is characterized, as shown in Figure 2e,f. A hexagonal
shape is observed due to the titling, and the edge length
relationship between top-view and tilted images matches the
cubic shape. Importantly, the diffraction pattern of the tilted
FeCo NPC confirms the good 3D crystal axis alignment of the
FeCo nanoparticles. The TEM results prove that bcc FeCo
nanoparticles as building blocks can be self-assembled perfectly
to produce large, cubic FeCo NPCs using a GPC method.

Figure 1. Schematic drawing of the GPC system. Target atoms
produced by a dc magnetron sputtering source start the nucleation
and growth processes near the target surface. A plate with an orifice
separated the system into two chambers: the sputtering chamber
containing a sputtering source and a deposition chamber with the
substrate to collect the synthesized nanoparticles.
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3.2. Comparison between FeCo NPCs, Nanoparticles,
and Nanocomposites. Figure 3 gives schematic views of
three types of FeCo nanoparticles: a NPC (Figure 3a), a
single-crystalline nanoparticle (Figure 3b), and a nano-
composite (Figure 3c). The FeCo NPC, as shown in Figure
3a, is an assembly of identically sized and crystal axes perfectly
aligned FeCo nanoparticle units in a 3D array. It is a
representation of the large, cubic FeCo NPCs we synthesized
in this work. Figure 3b shows a single-crystalline FeCo
nanoparticle of identical size and shape to the FeCo NPC
counterpart. Figure 3c shows a FeCo nanocomposite
consisting of FeCo nanoparticles randomly distributed and
oriented (in view of their crystal axes) in a polymer matrix.
Compared with the single-crystalline FeCo nanoparticle, as

shown in Figure 3b, the FeCo nanoparticle units from the
FeCo NPC, as shown in Figure 3a, lack the solid contact, and
therefore, both high surface area to volume ratio and weak
inter-particle magnetic exchange interactions can be expected.
On the other hand, compared with the FeCo nanocomposite,
as shown in Figure 3c, where the FeCo nanoparticles are
randomly embedded in polymers, the nanoparticle units, as
shown in Figure 3a, are much closer to each other with aligned
crystalline axes.37 Therefore, the FeCo NPC provides a much

higher magnetic stray field than that of a FeCo nanocomposite
of identical size.
The schematic drawing of the M−H curves of these three

different kinds of particles are presented in Figure 3d−f for the
FeCo NPC, single-crystalline nanoparticle, and nanocompo-
site, respectively. Both NPC and the single-crystalline nano-
particle have higher saturation magnetizations due to the high-
volume ratio of magnetic cores, as shown in Figure 3d,e.
Importantly, the NPC has a lower magnetic coercivity, making
it more desirable for biomedical applications. The M−H curve
of the nanocomposite, as shown in Figure 3f, indicates that it is
superparamagnetic, but its saturation magnetization is much
lower than that of the NPC and single-crystalline nanoparticle
because of the lower packing density of the small nanoparticle
units. Due to the random orientation of the crystal axes of the
small nanoparticle units, the nanocomposite has lower stray
field intensity compared with the other two, as schematically
illustrated in Figure 3g−i. Because of these outlined properties,
the FeCo NPC is a promising candidate for biomedical
applications.

3.3. Superparamagnetic Properties of 100 nm FeCo
NPCs. We first carried out mathematical modeling and
experimental measurements on the M−H curves of 3 and 20
nm FeCo single-crystalline nanoparticles, as given in
Supporting Information S1. Experimental results show that
the 3 nm FeCo nanoparticles are superparamagnetic at room
temperature. These nanoparticles are the small building blocks
of the large FeCo NPCs (more details are in the following
Section 3.5). The 20 nm FeCo single-crystalline nanoparticles,
however, show a coercivity of around 40 Oe, indicating that at
least some nanoparticles with the size of 20 nm are
ferromagnetic, which is consistent with the distribution of
the magnetic anisotropy of FeCo related to the different
compositions.
Interestingly, the 100 nm large, cubic FeCo NPCs show a

very similar trend of hysteresis loop to that of 3 nm FeCo
nanoparticles, as shown in Figure 4a. A 3 nm FeCo
nanoparticle, containing around 1000 atoms, is very close to
the FeCo nanoparticle units that form NPCs in this work. The
hysteresis loop of large FeCo NPCs has a small coercivity of
around 100 Oe, as shown in Figure 4b, the zoom-in view of
Figure 4a. The saturation magnetization is around 1650 emu/
cm3 (∼200 emu/g). The ratio of remanent magnetization to
saturation magnetization, Mr/Ms, is only 6%, indicating the
weak exchange interactions between the FeCo nanoparticles.

3.4. Magnetization Patterns of Large, Cubic FeCo
NPCs Revealed by Micromagnetic Simulations. Micro-
magnetic simulations are carried out on the large, cubic FeCo
NPCs using the Object Oriented Micromagnetic Framework
to explain their superparamagnetic behavior. Due to the lack of
solid contact between these 3 nm nanoparticle units, the
magnetic exchange interactions between these units are
reduced. A magnetic vortex can be induced in FeCo NPCs,
reducing the coercivity and Mr/Ms ratio to achieve the
superparamagnetic behavior. As a demonstration, we carried
out the micromagnetic simulation at 0 K on one 3 nm FeCo
nanoparticle and one 40 nm FeCo NPC with a 10 × 10 × 10
array of 3 nm FeCo nanoparticle units. The gap between the 3
nm FeCo nanoparticles was set at 1 nm to simulate the
reduced exchange interactions between these nanoparticle
units. The simulated M−H curves and magnetization patterns
under different fields are shown in Figure 5. As shown in
Figure 5a, the 3 nm FeCo nanoparticle shows ferromagnetic

Figure 2. FeCo NPCs synthesized using a GPC method with an
average size of ∼100 nm. (a) Zoom-out TEM image of the NPCs.
One large, cubic FeCo NPC visualized in a bright field (b); its
electron diffraction pattern (c); dark field (d). A 45-degree tilted
bright-field image of large, cubic FeCo NPC (e) and its electron
diffraction pattern (f).
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behavior with a non-zero coercivity, which is consistent with
the theory of ferromagnetic materials. When an FeCo NPC is
formed by self-assembly of these 3 nm nanoparticle units, the
magnetic interactions between these small units can induce a
magnetic vortex in the system, which result in the super-
paramagnetic behavior of FeCo NPC. Due to the long
simulation time, we chose a simulation of 40 nm FeCo NPC
to demonstrate our hypothesis. The simulation results of the
FeCo NPC are shown in Figure 5b. In the hysteresis loop, the
coercivity and remanence become zero, and the NPCs show
superparamagnetic behavior. Several snapshots of magnet-
ization patterns of the FeCo NPC are captured, and magnetic
vortex is observed, which contributes to the transformation
from ferromagnetic to superparamagnetic behavior. The
reduced exchange interactions of these 3 nm nanoparticle
units lead to the magnetic vortex structure and the super-
paramagnetic behavior. This result explains why the synthe-
sized large FeCo NPCs show superparamagnetic behavior.
3.5. GPC Growth Model. To understand the formation

mechanism of the large FeCo NPCs, we proposed a possible

growth model for the GPC technique. The main effects are
from the glow discharge and the drifting velocity of the
carrying gas in the formation region of nanoparticles. A
schematic diagram of the GPC system is shown in Figure 6,
and there are two different areas that should be noted in the
source chamber. The first is the region where nanoparticles are
produced, and the other is the glow discharge region where
large numbers of electrons and/or ions exist. These two
regions can overlap, so the effect of glow discharge on the
formation of nanoparticles should be carefully handled.
Meanwhile, the Fe and Co atoms being knocked out of the
target have a high energy of 10−50 eV.57 Then, they are
thermalized or cooled through collisions with argon atoms.
The simulation and experimental results indicate that the
maximum value of atom density occurs at the highest possible
pressure in a high-pressure sputtering system (pressure is
around 1 Torr),58 Once the sputtered atoms are thermalized,
they form supersaturated atom vapor if the atom density is
high enough. At which point, nucleation occurs immediately
followed by the growth process to form nanoparticles.59,60

The nucleation of nanoparticles happens near the sputtering
target and then grow in the CDS region, as schematically
illustrated in Figure 6. The further growth of these nano-
particles may happen in the NG region depending on the gas
drifting velocity in the system. The further growth, also known
as second crystallization, is like the first nucleation and growth
processes in the CDS region, but the building blocks are small
nanoparticles instead of the sputtered atoms from the target.
There are two factors that define this second crystallization:
the concentration and the temperature of the FeCo nano-
particles. If the temperature is too high and/or the
concentration is too low, FeCo nanoparticles cannot
nucleate/grow into FeCo NPCs. FeCo nanoparticles will,
therefore, be limited to a size of around 3 nm under these

Figure 3. Schematic view of an NPC (a), a single-crystalline nanoparticle (b), and a nanocomposite (c). The corresponding schematicM−H curves
and stray fields of small building blocks are also illustrated for these three particles of different structures. (d,g) NPC; (e,h) single-crystalline
nanoparticle; and (f,i) nanocomposite.

Figure 4. (a) MeasuredM−H curve of synthesized self-assembled 100
nm large, cubic FeCo NPCs in comparison with 3 nm cubic FeCo
nanoparticles at room temperature, under a field range of −10 kOe to
+10 kOe. (b) Zoomed-in view of (a) within a field range of −1 kOe
to +1 kOe. “M” represents magnetization measured by the SQUID.
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conditions. If the temperature is low enough and/or the
concentration is high enough, the FeCo nanoparticles will
collide with each other to minimize the energy, forming FeCo
NPCs. The combination of the temperature and concentration
of these small nanoparticles provides flexibility to produce any
intermediate state of nanoparticles with different sizes and
shapes. Both the temperature and concentration of the FeCo

nanoparticles can be controlled by adjusting the sputtering
current density and the carrying gas velocity. When the
sputtering pressure is high (like 450 mTorr used in our
experiment) and the carrying gas velocity is low, there is a
lower temperature because of the cooling effect from the
carrying gas on the nanoparticles and vice versa.
In our experiments, the gas pressure and the sputtering

current density were fixed, but the drift velocity varied. Varying
the drift velocity of the nanoparticles, which is proportional to
the drift velocity of the carrying gas, alters the temperature of
the positively charged FeCo nanoparticles in the NG region.
Since the temperature of the FeCo nanoparticles arriving at the
NG region is determined by the number of collisions between
the formed FeCo nanoparticles and argon atoms in the CDS, a
faster drift velocity results in a higher temperature of FeCo
nanoparticles (see Section S2 of Supporting Information for
more details).

3.6. From FeCo Nanoparticles to NPCs: Fine Tuning
Gas Flow Configuration. The gas flow configuration in the
GPC system was simulated using FemLab (an interactive
environment for modeling and simulating scientific problems
based on partial differential equations) from COMSOL, as
shown in Figure 7a,b. In the simulation, the gas was either
injected from the inside position (Figure 7a) or from the
outside position (Figure 7b). The profile of the gas pressure
and velocity are depicted in Figure 7c,d, where the solid line is

Figure 5. (a) M−H curve and magnetization patterns of one 3 nm nanoparticle unit. The M−H curve indicates that the unit is ferromagnetic with
non-zero coercivity and remanence. (b) M−H curve and magnetization patterns of one FeCo NPC composed of a 10 × 10 × 10 array of 3 nm
FeCo nanoparticle units separated by 1 nm gaps. TheM−H curve of the FeCo NPC is superparamagnetic due to the reduced magnetic interactions
between these 3 nm nanoparticle units. The panels on the right are the x−y plane magnetization patterns of one 3 nm nanoparticle (top) and one
40 nm NPC (bottom), respectively, under a z-direction magnetic field of −10, −5, −1, 0, 1, 5, and 10 kOe.

Figure 6. Schematic drawing of the nanoparticle source equipped
with a magnetron DC sputtering gun. Region (I) is the CDS, where
Ar+ is dominant. Region (II) is the NG region, where both Ar+ and
electrons coexist. In region (a), sputtered atoms are predominantly
neutral, where only one of a thousand atoms is positively charged. In
region (b), small and charged nanoparticles are formed. In region (II),
the small positively charged nanoparticles are neutralized and form
nanoparticles or large nanoparticle assemblies through a secondary
nucleation/growth process. Gases I and II are used to induce argon
gas that functions as the sputtering and carrying gas.
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for the gas injected inside and the dashed line is for the gas
injected outside. Two nanoparticle formation areas are
indicated in the figure, which relate to the formation of
nanoparticles in the CDS and NG regions. The cathode
position is at −20 mm. It is clear that at the same gas flow rate,
(i) the velocity of the gas in the region close to the cathode
changes dramatically with the different gas inlet positions,
while the gas pressure shows no obvious difference; (ii) the gas
velocity and pressure crossing the cathode surface is much
more uniform when the gas is injected from the outside inlet
position rather than the inside inlet position; and (iii) the

velocity of the gas in the nanoparticle growth region can be
controlled by changing the gas flow rate when alternating the
inside and outside gas inlet positions.
According to the second crystallization mechanism of

nanoparticles described above, when the experimental
parameters are at the fixed gas pressure and sputtering current
density, it can be expected that a high gas drifting velocity will
result in a small nanoparticle size. A low gas velocity, however,
will cause FeCo nanoparticles to self-assemble into large FeCo
NPCs. Figure 8 shows the bright field TEM images of FeCo
nanoparticles or NPCs prepared at different gas drifting

Figure 7. Simulated configuration of the gas velocity and gas pressure in the nanoparticle source with the different gas inlet positions: the inside gas
inlet (a) and the outside gas inlet (b). The color denotes the gas pressure, and the arrow denotes the velocity. The profile of the gas pressure and
velocity crossing a plane close to the cathode (c,d) are depicted. The pressure (c) and velocity (d) measurements are shown in the direction from
the cathode to anode.

Figure 8. TEM images of FeCo nanoparticles and NPCs fabricated at different carrying gas velocities (the direction is from the cathode pointing to
the anode). The carrying gas velocity was steadily decreased from (a) to (d). A schematic drawing of the relationship between the growth model of
FeCo nanoparticles and FeCo NPCs and the gas drifting velocity (e).
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velocities. With the highest gas drifting velocity, only FeCo
nanoparticles of ∼3 nm were synthesized, as shown in Figure
8a. As the gas drifting velocity decreased, nanoparticle size
started to increase, as shown in Figure 8b where the average
FeCo nanoparticle size was ∼7 nm. Further decreasing the gas
drifting velocity resulted in the appearance of large cubic FeCo
NPCs of 30 nm (Figure 8c); while at the lowest gas velocity
(Figure 8d), only FeCo NPCs of ∼100 nm were found. Figure
8e summarizes a schematic growth model of FeCo nano-
particles or NPCs related to the gas drifting velocity. At the
high end of the gas drifting velocity, small FeCo nanoparticles
are obtained, while the formation of FeCo NPCs starts with a
decrease in the gas drifting velocity.

4. CONCLUSIONS AND PERSPECTIVES

In conclusion, 100 nm, cubic, FeCo NPCs with super-
paramagnetic behaviors were successfully synthesized using a
sputtering-based GPC method. The nanoparticle formation
mechanism of the second crystallization process was
investigated. A glow discharge was used to produce super-
saturated atom vapor in high pressure argon gas, and FeCo
nanoparticles of 3 nm were formed through the primary
nucleation and growth processes. By controlling the relative
position of glow discharges and particle formation region, the
FeCo nanoparticles were synthesized to be either nanoparticles
or self-assembled NPCs through a secondary nucleation and
growth process. TEM observation showed that these self-
assembled FeCo NPCs consisted of small bcc-structured FeCo
nanoparticle units of 3 nm with a 3D alignment of the crystal
axis. The results also indicated that FeCo NPCs have a huge
surface-area-to-volume ratio and similar superparamagnetic
behavior as that of individual building blocks at room
temperature. This work reported herein has provided a
solution for synthesizing larger sized nanoparticles with
superparamagnetic properties, overcoming the limitation on
the size for SPMNPs in magnetic theranostics applications.
Recently, new GPC techniques for synthesizing nano-

particles are developed, such as GPC systems with multi-
sources and a hollow source, which might be potentially used
for synthesizing FeCo NPCs. A multi-sources GPC system is
good for preparing NPCs/NPs with a core@shell structure.61

A hollow-source GPC system is designed to enhance the target
utilization rate and the yield of NPs.62 These FeCo NPCs can
potentially bring a higher sensitivity to the existing magnetic
bioassay platforms. They are especially useful for detecting a
very low amount of target analytes, where these NPCs with
high magnetic moments may still be detectable by external
magnetic sensors. Due to high magnetic moments of FeCo
NPCs, a much lower dose is required for drug delivery and
hyperthermia. Thus, it may avoid the risks of iron overdose.
Similarly, compared with the iron oxide MNPs, a lower weight
of FeCo NPCs is needed for magnetic imaging and magnetic
separation, without degrading the performance. Extensive
studies have also been reported to reduce the cytotoxicity of
FeCo nanoparticles for biomedical applications, such as using
oleic acid and carbon coatings.27,63,64
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