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 It is very important to embed superparamagnetic nanoparti-
cles (SPM NPs ) in nonmagnetic polymer matrices for a range of 
technical applications, such as data storage and in vivo mag-
netic manipulation in biomedical systems. [  1  ]  Two important 
factors must be considered for the preparation of such nano-
composite fi lms. First, the SPM NPs  should be of good quality, 
including uniform size and high crystallinity. From the point 
of view of material preparation, the synthesis of SPM NPs  in 
organic media via thermal pyrolysis [  2  ]  is more desirable than 
synthesis in aqueous media. [  3  ]  Second, a uniform dispersion 
of a large amount of SPM NPs  into polymer matrices is needed. 
The long alkane chain-capped SPM NPs  obtained by organic 
synthesis approaches are quite compatible with hydrophobic 
polymer matrices, which allow a uniform dispersion of the 
SPM NPs . However, the SPM NP  concentration in the polymer 
matrices is low, and an increase in particle concentration 
usually leads to aggregates with dimensions of several hun-
dreds of nanometers due to thermodynamically unfavorable 
interactions. [  4  ]  

 Layer-by-layer (LbL) assembly based on complementary inter-
actions provides a versatile and simple way of fabricating nano-
composite fi lms with tailored functionality and nanostructures 
as well as controlled fi lm thickness on the nanoscale. [  5  ]  Kotov et al. 
fabricated nanocomposite multilayered fi lms via electrostatic 
LbL assembly between negatively charged magnetite nanoparti-
cles synthesized directly in aqueous media and polyelectrolytes. 
In addition, they demonstrated a strong dependence of 
the magnetic properties of the multilayers on the multilayer 

architecture. [  6  ]  However, aqueous nanoparticles are of poorer 
quality than organic ones, and the electrostatic repulsion 
between nanoparticles of the same charge considerably reduces 
the packing density of each SPM NP  layer (by 30%). Therefore, 
the electric, magnetic and photonic performance of nanocom-
posite fi lms obtained via electrostatic LbL assembly is poor. [  7  ]  
LbL assembly has been implemented successfully in polar 
organic solvents to increase the packing density of nanoparti-
cles. [  8  ]  However, both strategies using LbL assembly in aqueous 
and polar organic solvents cannot be applied directly to grow 
data storage devices due to the undesired leakage current from 
the residual or diffused moisture. In these cases, thermal treat-
ment is needed. Recently, we successfully developed an LbL 
assembly based on a nucleophilic substitution (NS) reaction 
between amino and bromo groups, which allows the growth of 
nanocomposite multilayered fi lms in organic solvents, particu-
larly nonpolar solvents such as toluene, and delivers a maximal 
packing density of randomly close-packed nanoparticles for 
each layer. [  9  ]  

 In this study, Fe 3 O 4  SPM NP /poly(amidoamine) dendrimer 
(PAMA) nanocomposite multilayered fi lms were successfully 
generated via nucleophilic substitution-based LbL assembly in 
organic solvents. These fi lms showed highly improved mag-
netic properties compared to those obtained by electrostatic LbL 
assembly. Of particular importance, the resulting nanocom-
posite multilayered fi lms showed better nonvolatile resistive 
switching memory (NRSM) performance without an additional 
process (i.e., thermal treatment) after multilayer preparation, 
including a large current ON/OFF ratio of  ∼ 10 3 , operating 
voltage  < 1.5 V, rapid switching speed on the nanosecond level 
and long-term stability in air. There is considerable diffi culty in 
utilizing nanocomposite multilayered fi lms obtained via con-
ventional LbL assembly for NRSM because of the lower packing 
density of active nanoparticles and the leakage current due 
to the presence of moisture. NRSM devices are essential for 
mobile electronics, such as MP3 players, digital cameras and 
mobile telephones. Currently, NRSM devices are derived from 
vacuum deposition or sol-gel chemistry (requiring thermal 
treatment at  > 200  ° C) of transition metal oxides, such as TiO 2 , 
LiO and ZnO. [  10  ]  In contrast, the approach proposed in this 
study is simple and cheap, as it only consists of a solution dip-
ping process under air. This process is very important in that 
our approach can be effectively applied to the fl exible nonvola-
tile memory devices using plastic substrates. The device per-
formance of the resulting nanocomposite fi lms was found to be 
comparable to that of transition metal oxide fi lms produced by 
conventional vacuum deposition or sol-gel processes. Although 
we for the fi rst time reported that LbL multilayers containing 
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 Cross-sections of PAMA/BMPA-SPM NP  multi-
layered fi lms were measured by scanning electron 
microscopy (SEM), and the fi lm thicknesses were 
approximately 45 nm, 77 nm and 110 nm for 5, 10 
and 15 layers, respectively (Figure  1 c). The adsorbed 
amounts of the PAMA/BMPA-SPM NP  bilayer fi lms and 
their morphology were examined as a function of 
the adsorption time. The amount of BMPA-SP-
M NPs  adsorbed onto the dendrimer layer followed 
the typical adsorption isotherm for LbL assembly 
(Figure S4a). [  12  ]  A homogeneous distribution of 
SPM NPs  on a length scale of 200 nm was observed 
after 30 min of adsorption (Figure S4b). A fur-
ther increase in the adsorption time (e.g., 50 min) 
caused  < 10% variation in the numerical density of 
the SPM NPs  adsorbed in the defi ned area of 200  ×  
200 nm 2 . These results suggest that the nonspecifi c 
adsorption of additional BMPA-SPM NPs  (i.e., not 
occurring via NS reaction) was effi ciently screened. 

 The magnetization of the resulting PAMA/
BMPA-SPM NP  fi lms was examined by supercon-
ducting quantum interference device magnetom-
etry (SQUID). The magnetization curves of the 
multilayered fi lms measured at room temperature 
(T  =  298 K) were reversible without coercivity, rema-
nence or hysteresis, suggesting typical superpara-
magnetic behavior. This was also confi rmed in the 
magnetization recorded in minute intervals in a 
low applied fi eld (Figure S5). At liquid helium tem-
perature (T  =  5 K), the thermally activated magneti-
zation fl ipping properties of the SPM NPs  revealed 
frustrated superparamagnetic properties. The mag-
netization curves acquired a loop shape with distinct 

separation of the two sweeping directions typically observed 
with ferromagnets (Figure S6). The saturated magnetiza-
tion increased regularly with increasing bilayer number and 
with the total amount of BMPA-SPM NPs  adsorbed within the 
multilayer fi lms ( Figure    2a  ). The magnetization per gram of 
adsorbed nanoparticles was similar for different multilayered 
fi lms and showed a saturated magnetism of approximately 
90 emu · g  − 1  with negligible discrepancy (Figure  2 b). Therefore, 
the magnetic coupling of the resulting PAMA/BMPA-SPM NP  
fi lms was strongly dependent on the short-range electron 
exchange and long-range magnetostatic interactions between 
the neighboring SPM NPs  in the lateral direction rather than the 
vertical direction. The organic spacers including both the PAMA 
layers and BMPA coating were suffi cient to prevent exchange 
interactions between adjacent SPM NP  layers. Furthermore, the 
saturated magnetism values per gram shown in Figure  2 b were 
signifi cantly higher than those of iron oxide-based multilayers 
reported elsewhere. [  13  ]  The magnetic anisotropy constant ( K ) is 
the energy required to change the magnetization direction of 
two- and three-dimensional SPM NPs  ( K   =  25  k B   ·  T B   ·  V  − 1  , where 
 k B   is Boltzmann’s constant,  T B   is the blocking temperature 
and  V  is the volume of a single SPM NP ). The measured  K  was 
4.58  ×  10 5  erg ·  cm  − 3 . Figure  2 c shows the temperature depend-
ence of the magnetization of the resulting PAMA/BMPA-
SPM NP  fi lms from 300 K to 5 K under an applied magnetic 
fi eld of 150 Oe. The blocking temperature, [  14  ]  which began to 
show some deviation between zero-fi eld-cooling (ZFC) and 

metal nanoparticles can be used as charge-trap fl ash memory 
devices, these devices have the operation system and physics 
quite differnet from NRSM devices. [  11  ]  

 Fe 3 O 4  SPM NPs  stabilized by 2-bromo-2-methylpropionic 
acid (BMPA) (i.e., BMPA-SPM NP ) were prepared by the 
ligand exchange of BMPA on oleic acid-stabilized Fe 3 O 4  (see 
Supporting Information, Figure S1). According to a previous 
protocol, [  9  ]  BMPA-SPM NPs  and highly branched PAMAs were 
deposited alternatively on planar substrates using NS between 
bromo groups of the BMPAs on the SPM NPs  and the amino 
groups of the PAMAs ( Scheme    1  ). The NS reaction was con-
fi rmed by Fourier transform infrared spectroscopy (FTIR) 
(Figure S2). The LbL assembly of BMPA-SPM NP  and PAMA 
was monitored by UV-vis spectroscopy. The intensity of the 
absorbance peak at 250 nm (due to BMPA-SPM NP ) increased 
linearly with increasing layer number, suggesting a regular 
amount of BMPA-SPM NP  adsorption per bilayer ( Figure    1a  ). 
The amounts of PAMAs and BMPA-SPM NPs  adsorbed on 
the multilayer fi lms were quantifi ed by quartz crystal micro-
gravimetry (QCM) (Figure  1 b) (see the detailed methods in 
the Supporting Information). In addition, the SPM NPs  layer 
formed by NS in nonpolar solvent was an average mono-
layer with high packing density and partly aggregated parti-
cles and was very similar to those resulting from electrostatic 
LbL assembly of charged nanoparticles with a decreased 
electrostatic repulsion between neighboring nanoparticles 
(Figure S3).   

  Scheme  1 .     Schematic representation of LbL growth of PAMA/BMPA-SPM NP  multilayer 
fi lms based on NS reaction with the set-up for assessment of NRSM performance.  
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      Figure  1 .     (a) UV-vis spectra, (b) QCM data and (c) cross-sectional SEM images of PAMA/
BMPA-SPM NP  multilayers as a function of the layer number, respectively. The inset of 
(a) indicates the absorbance measured at 250 nm as a function of bilayer number.  

fi eld-cooling (FC) magnetization, was fi xed at approx-
imately 120 K for both isolated nanoparticles and 
multilayered fi lms, suggesting that the unique mag-
netic properties (i.e., magnetic anisotropic constant) 
of isolated SPM NPs  can be maintained in a 3D array. 
It has been reported that the blocking temperature 
of an Fe 3 O 4  nanoparticle array was largely shifted to 
higher temperatures upon changing from an isolated 
to a 3D nanoparticle array due to relatively strong 
dipolar interactions between the magnetic moments 
of individual particles. [  15  ]  In this case, the Langmuir-
Blodgett method was used for the build up of nano-
particle multilayers without the aid of insulating poly-
mers. On the other hand, the PAMA/BMPA-SPM NP  
multilayers in our approach could preserve the 
intrinsic magnetic properties of isolated nanoparti-
cles because the inserted dendrimer layer and BMPA 
stabilizers can effectively screen the dipolar interac-
tions between magnetic nanoparticles.  

 It was reported by Kim et al. that Fe 3 O 4  nano-
particles below 10 nm in size, without any organic 
components including surface stabilizers, were 
pressed into compact pellets and the resulting 
nanoparticle pellets showed relatively high resis-
tivity ( > 50 M Ω  · cm) due to the nanosize effect. [  16a  ]  
Although they suggested that the nano particle pel-
lets exhibited bipolar resistive switching proper-
ties depending on the voltage polarity, their results 
were strongly caused by the faulty fl uctuation from 
the measurement instrument. [  16b  ]   Figure    3   shows the 
NRSM properties of the PAMA/BMPA-SPM NP  fi lms. 
The BMPA-SPM NPs  used were approximately 7 nm 
in diameter size and their  T B   was approximately 
40 K (Figure S7) due to the smaller dimensions. [  2a  ]  
For measurement of bipolar switching, the voltage 
was swept from 0 V to –1.5 V and then back to 
 + 1.5 V with limited current compliance up to 100 mA. 
As shown in Figure  3 a, the low current state, that 
is, OFF state [step ‘(1)’], was suddenly converted 
to a high current state, that is, ON state, at  − 1.5 V 
when the polarity of the voltage applied to the PAMA/
BMPA-SPM NP  fi lms was reversed (step ‘(2)’). The 
increase in the layer number largely decreased the 
current level, mainly the OFF current level, because 
the electric fi eld across the PAMA/BMPA-SPM NP  
fi lms decreased with increasing fi lm thickness 
(Figure  3 a and Figure S8). Figure  3 b shows that the 
ON and OFF states remained stable during the entire 
test period of 10 5  s and the cycling test of 200 times 
under ambient conditions. The ratio of the current in 
the ON state to that in the OFF state was  ∼ 10 3 , and 
these devices were operated repeatedly at switching 
speeds ranging from 100 ns to 1  μ s (Figure  3 c and 
Figure S9). These reversible switching properties and 
large ON/OFF ratios were maintained for up to one 
year (Figure S10), demonstrating excellent electrical 
stability with a rapid switching speed. This electrical 
stability is strongly infl uenced by the hydrophobic 
properties of multilayered devices and the thermally 
stable inorganic nanoparticles (Figure S11).  

      Figure  2 .     (a) The magnetic curves of 
(PAMA/BMPA-SPM NP ) n  =  5,10 and 15  mul-
tilayer fi lms. (b) The magnetic curves of 
multilayer fi lms divided by the mass of 
adsorbed BMPA-SPM NP  within multilayers. 
(c) Temperature dependence of zero-fi eld 
cooling (ZFC) and fi eld cooling (FC) mag-
netization measured using 150 Oe.  
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 To understand the conducting behavior of the PAMA/BMPA-
SPM NP  fi lms, the nonlinear  I–V  characteristics in the negative 
voltage sweep region were plotted on a log-log scale. Figure  3 d 
shows that the  I–V  relationship in the ON state clearly had 
Ohmic conduction behavior with a slope of 1.00, which was 
attributed to the formation of conducting paths in the device 
during the SET process. However, the conducting behavior in 
the OFF state was much more complicated. The fi tting results 
for the OFF state showed similar charge transport behavior 
to space charge limited conduction (SCLC), which consists of 
three different regions: an Ohmic region ( I   ∝   V ), a Child’s law 
region ( I   ∝   V 2  ) and a sharp current increase region. [  17  ,  18  ]  The 
totally different conduction behavior in the ON and OFF states 
also suggests that the high conductivity in the ON-state device 
was a localized conducting effect rather than a homogeneously 
distributed one. 

 Although the switching mechanism in NRSM devices is 
unclear, a possible mechanism for this system is proposed based 
on the Memristor model. [  10    c,e,    17  ]  A negative voltage applied to 
the top electrode attracts positively charged carriers (i.e., Fe 2 +   
and Fe 3 +  ) in the SPM NP  lattices due to tunneling through a thin 
residual region (i.e., un-doped charge carrier region within the 
SPM NPs  and organic layers with approximately 1 nm thickness 
per bilayer, including BMPA stabilizers and PAMA layers), 

which induces the high current 
state of the fi lms. These charges 
fl ow through localized paths in 
the high current state (a detailed 
explanation of the switching 
mechanism is given in the Sup-
porting Information). 

 The oleic acid-stabilized 
SPM NPs  were transferred from 
toluene to aqueous media 
using water-dispersible octakis 
(8 mmol, the same concentra-
tion as that of BMPA for ligand 
exchange) (Figure S12a). The 
amount of octakis-stabilized 
SPM NPs  adsorbed onto the 
PAMA layer at pH  >  7 was 
measured to be about  Δ m  ∼ 
 1767 ng · cm  − 2  ( Δ  F   ∼  100 Hz and 
a number density of  ∼ 3.78  ×  
10 11  · cm  − 2 ) per layer. As a result, 
the PAMA/octakis-SPM NP  fi lms 
showed magnetization with a 
rather low intensity compared to 
the PAMA/BMPA-SPM NP  fi lms 
(Figure S12b). The resulting 
fi lms also exhibited a rather low 
ON/OFF current ratio of approxi-
mately 10, even after thermal 
treatment (120  ° C for 2 hr) 
to remove the residual water 
within the fi lms (Figure S10c). 
Although reduction of the sur-
rounding pH could reduce the 
charge density of octakis-stabi-

lized SPM NPs  and increase the amount of particle adsorption, 
the nanoparticles tended to aggregate at pH  <  7. 

 In summary, SPM NP /poly  mer nanocomposite fi lms were 
grown by LbL based on the NS reaction between the bromo 
and amino groups in organic solvents. The resulting fi lms 
had a maximal packing density of SPM NPs  in each particle 
layer, and the magnetic properties of the SPM NPs  were well 
preserved in the resulting nanocomposite fi lms, which is dif-
fi cult to implement using conventional LbL assembly tech-
niques. In particular, the resulting nanocomposite fi lms 
showed excellent NRSM performance, that is, a relatively 
high ON/OFF current ratio of  ∼ 10 3 , rapid switching speed 
within 100 ns, and a long-term stability of 10 5  s under air. To 
the best of our knowledge, this is the fi rst report of the LbL 
growth of nanoparticle-based multilayered fi lms for NRSM 
devices. Compared to the conventional techniques for pre-
paring NRSM devices, this approach is simple, inexpensive, 
versatile and suitable for large area production.  

 Experimental Section 
  Materials : Oleic acid-stabilized Fe 3 O 4  with a diameter size of 12  ±  

0.9 nm and 7  ±  0.5 nm were synthesized in toluene. [  2a  ]  The ligand 
exchange of oleic acid with BMPA by the addition of BMPA (1.336 g, 

      Figure  3 .     (a)  I–V  curves of (PAMA/7 nm-sized BMPA-SPM NP ) n  multilayer devices with increasing bilayer 
number (n) from 1 to 5. (b) Retention time test of (PAMA/BMPA-SPM NP ) 5  multilayer device at a reading voltage 
of 0.1 V. (c) The cycling tests of 5 bilayered devices measured at a switching speed of 100 ns. (d) The linear fi t-
ting for the  I–V  curve of 5 bilayered devices on a log-log scale during a negative voltage sweep [‘(1)’  →  ‘(2)’].  
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8 mmol) to the toluene dispersions of the SPM NP  (40 mL) was followed 
by stirring at room temperature. Octakis-stabilized SPM NPs  were 
prepared using octakis (8 mmol) for the phase transfer of oleic acid 
Fe 3 O 4  from toluene to water. In this case, 100 mg of oleic acid-SPM NP  
were dissolved in 7.5 mL of toluene, and 750 mg of excess octakis was 
dissolved in pH 9 water (7.5 mL). Experimental details are given in the 
Supporting Information.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author .   
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