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ABSTRACT 

Two cooperative and complementary components such as gFe2O3/Au nanoparticles (NPs) are 

used to grow binary superlattices (BNSLs). The effects of different parameters including 

concentration ratio of colloidal solutions, effective size ratio of NPs, deposition temperature 

and type of solvent on the formation of BNSLs are discussed. A systematic study of the effect 

of these parameters is performed to determine the driving forces underlying the BNSL 

formation. We show that by using the same batch of particles, the control of the various 

parameters gives rise to a large diversity of crystalline structures. In addition, thanks to their 

long-range organization, the magnetic properties of g-Fe2O3/Au NPs binary superlattices are 

studied by SQUID magnetometry and compared to those of pure g-Fe2O3 NPs superlattices. 

The g-Fe2O3 interparticle distance modulated by the insertion of Au NPs is shown to 

significantly impact their magnetic properties. 
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INTRODUCTION 

The term binary superlattices (BNSLs) refers to the assemblies of nanomaterials 

composed of two different cooperative complementary components inducing synergistic 

effects1–5 . Usually, two or more individual components are synthesized separately, then binary 

superlattices are fabricated by using the same methods used to fabricate the 3D assemblies 

composed of one type of NPs 6–9. Spherical particles characterized by a low size polydispersity 

can usually self-assemble into superlattices with either face-centered cubic (fcc) or hexagonal 

close packed (hc) crystalline structure6,10–12. In addition to their multi-component 

characteristics, binary mixtures naturally provide a much richer class of structures. In order to 

co-crystallize, NPs must meet, as far as possible, the requirements of given geometrical 

principles. In the simplest approach, the formation of a binary assembly is expected only if its 

compactness exceeds that of single-component crystals in fcc or hcp (0.74)13. This principle of 

space filling is still widely used for predicting the behavior of particles in binary mixtures. 

Particle size ratio (Rsmall/Rlarge) and concentrations are considered as key factors determining 

the structure of binary assemblies 5,14,15. Considering the geometric considerations, we can 

predict the formation of BNSLs structure such as AB, AB2, or AB134. The interparticle distance 

(between NPs A) can be increased through the insertion of NPs B (with possible different sizes) 

in the BNSLs as compared to the single component superlattices (made of NPs A). 

Consequently, the strategy of binary superlattices offers a possibility to tune the dipolar 

interactions between the magnetic16 or non-magnetic17 NPs (NPs A) and thus to control the 

collective physical properties. Furthermore, the binary superlattices constitute ideal candidates 

to favor coupling between NPs of different properties (e.g., plasmonic, magnetic, dielectric or 

excitonic), which is expected to result in tunable and/or novel collective properties.  

On one hand, understanding the interaction between both types of components in 

BNSLs is crucial to fabricate the appropriate and desired binary structure. On the other hand, 
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while the first binary superlattices have been reported in 1998, the study of their physical 

properties in view of possible applications is still a challenge in nanoscience18. While much of 

the literature on BNSLs has focused on their lattice structure and their formation, in a few 

instances their physical properties were studied16,19–21. Chen et al.16 have revealed the collective 

dipolar interactions between magnetite (Fe3O4) nanoparticles of two different sizes when they 

are organized in binary superlattices (BNSLs). Sanchez et al.21 have evidenced a collective 

behavior resulting from strongly coupled magnetic dipolar systems of NPs of maghemite (g-

Fe2O3) having two different sizes and mixed in different proportions. In our case, we form 

binary superlattices (BNSLs) with a magnetic (maghemite) and non-magnetic (gold) NPs, 

which gives us the possibility to use the Au nanoparticles as spacer building blocks for fine-

tuning of magnetic dipolar interactions between g-Fe2O3 nanoparticles. 

Here, we first focus on structural study of binary assemblies made of Au and g-Fe2O3 

NPs. The influence of different parameters including deposition temperature (Td), g-Fe2O3/Au 

effective size ratio ɣ!"", and [g-Fe2O3]/[Au] concentration ratio is studied to optimize their 

organization. Second and thanks to their long-range organization, the magnetic properties of g-

Fe2O3/Au NP BNSLs are studied by SQUID magnetometry and compared to those of pure g-

Fe2O3 NPs superlattices.  

 

METHODS 

Products. All chemicals were used without further purification. 1-dodecanethiol (98%), hexane 

(99%) and ethanol absolute (99%), oleic acid (90%) and 1-octadecene (90%) were purchased 

from Sigma-Aldrich. Tertbutylamine borane complex (97%) is from STREM Chemicals. 

Toluene (99%) and dodecanoic acid (99.5%) were bought from ACROS Organics. Gold(I) 

chloride triphenylphosphine (ClAu(PPh3)) was purchased from STREM. Iron chloride 
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(FeCl3.6H2O, 99%) was purchased from Prolabo. Sodium dodecanoate (CH3(CH2)10COONa) 

and sodium oleate (C18H33NaO2), (97%) was purchased from TCI. 

 

Transmission Electron Microscopy (TEM). TEM study was performed using a JEOL JEM-

1011 microscope at 100 kV. The diameters are measured from at least 500 NPs deposited on a 

TEM grid coated with amorphous carbon. The effective diameters (Dc-c) were obtained from 

several line profiles performed on the TEM images via Image J 1.52a. 

 

Magnetic measurements. Magnetic measurements were carried out on a commercial SQUID 

magnetometer (Cryogenic S600) with a field of 20 Oe for the zero-field cooled (ZFC)/field 

cooled (FC) susceptibility curves, and with fields up to 5 T for the magnetization curves. All 

magnetic measurements were carried out on thin BNSLs (4 or 5 layers) deposited on TEM grids 

and previously characterized by TEM. During the measurement, the applied field is parallel to 

the substrate. For the ZFC measurement, the sample was cooled from 300 K to 3 K with no 

field and then heated to 300 K in a field of 20 Oe to record the magnetization MZFC(T) of the 

sample. Then, for the FC measurement, the sample is cooled again to 3K under 20 Oe the same 

applied field and the magnetization MFC (T) was recorded. In both cases, the measurements 

were performed on heating with, for each temperature step, a heating rate of the order of 1 

Kmin-1.  The measurement time was about 1 s. Hysteresis curves were performed at 3 K. 

 

 
Synthesis of Au nanocrystals. Au NPs were synthesized through a revisited method from the 

Stucky group 22,23. 0.25 mmol of gold(I) chlorodiphenylphosphine (AuClPPh3) complex was 

dissolved in 25 mL of toluene with 500 µL of 1-dodecanethiol (C12). The gold precursor is 

reduced by adding a solution of tert-butylamine borane (TBAB) complex (2.5 mmol dissolved 
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in 5 mL of toluene). The reaction took place at 100°C under vigorous stirring for 5 min. The 

formation of Au NPs was evidenced by the color change of the solution from colorless to dark 

red. After the reaction, a washing step is necessary to remove all by-products. First, all the 

solvent was evaporated, and the same amount of ethanol was added, then the solution was 

centrifuged. The precipitate was then dispersed in organic solvent such as toluene. The resulting 

dodecanethiol- coated NPs were characterized by a mean diameter of 4.6 nm with a size 

distribution of 7% (Figure S1, Supporting Information). 

 

Synthesis of g-Fe2O3 nanocrystals. The maghemite (g-Fe203) NPs with 12.4 nm (s=8%), 11.4 

nm, (s=8%) and 7.9 nm (s=8%) were synthesized using modified procedure from Park et al 

and developed few years ago in MONARIS 24,25 (Figure S2, Supporting Information). For the 

12.4 nm diameter maghemite NPs, the reactants sodium oleate and oleic acid (C18) are replaced 

by sodium laurate and lauric acid (C12). The typical synthesis of the iron–laurate complex is 

performed by mixing iron chloride (FeCl36H2O) and sodium laurate in a solvent mixture 

composed of ethanol, distilled water, and hexane. The mixture is refluxed at 66 °C for 4 h and 

the organic phase is washed three times with ultrapure water in a separatory funnel. The 

remaining hexane in the organic phase is evaporated under vacuum in a rotavapor at 32 °C. The 

iron–laurate complex is then washed three times with a mixture of ethanol and hexane and 

evaporated at 40 °C. In a typical synthesis of maghemite nanocrystals, 1.05 g of the iron–laurate 

complex is dissolved in a mixture of 10 ml of 1-octadecene and 0.64 g of lauric acid at room 

temperature. This mixture is heated to the boiling point of 1-octadecene (b.p: 317 °C) under 

vigorous stirring and is refluxed for 30 min and then cooled to room temperature. A black gel 

containing the nanocrystals is formed. The nanocrystals are separated and washed with a large 

excess of hexane, ethanol, and acetone.  
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For the 11.4 nm and 7.9 nm maghemite NPs, we replaced the sodium laurate and lauric acid by 

sodium oleate and oleic acid. The procedures for synthesizing the reactant (iron oleate complex) 

and particles are similar as those described above. The 7.9 nm diameter maghemite NPs were 

synthesized using 1.42 g of iron–oleate complex dissolved in a mixture of 10 mL of 1-

octadecene and 0.9 g of oleic acid. By heating this mixture for 2h at 100°C to remove water 

residues before heating up to the boiling point of 1-octadecene under vigorous stirring and 

keeping under refluxed for 30 min, 11.4 nm maghemite NPs are obtained. The NPs are then 

dispersed in organic solvent such as chloroform or toluene.  

 

Supercrystal growth of BNSLs of g-Fe2O3 and Au NPs. Two deposition methods were used 

(Figure S3, Supporting Information): i) The immersion method 26. The BNSLs growth was 

performed through the slow evaporation of binary colloidal solutions8,26,27. The samples were 

prepared by horizontally immersing an amorphous carbon coated TEM grid in 20 µL of a mixed 

colloidal solution, in a glass vial. The glass vial was itself placed in a temperature-controlled 

chamber, under a nitrogen flow. The temperature was controlled by water circulation. Different 

parameters were controlled: the g-Fe2O3/Au effective size ratio ɣ!"" (0.45; 0.48; 0.64), the [g-

Fe2O3]/[Au] concentration ratio (1/1; 1/4; 1/7), the type of solvent (hexane, toluene or cumene) 

and the substrate temperature, Td, (35°C; 50°C; 65°C). ii) The liquid-liquid interface deposition 

method28,29. This method is based on the use of a bad solvent, ethylene glycol (EG) in our case. 

It is called a bad solvent because it cannot solubilize the alkyl chain coated NPs, which then 

agglomerate at its top. A Teflon beaker, placed in a temperature-controlled chamber, under a 

nitrogen flow, was filled with EG.  On the EG top, 20 µl of the mixed colloidal solution was 

then deposited. The resulting NPs film was collected and deposited on an amorphous TEM grid 

with a filter paper underneath to absorb EG solvent in excess. The depositions were performed 
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with g-Fe2O3/Au effective size ratio ɣ!"" equal to 0.64 and [g-Fe2O3]/[Au] concentration ratio 

equal to 1/1 and 1/4. The solvent was toluene and the substrate temperature, Td, was 50°C. 

 

Supercrystal growth of superlattices of g-Fe2O3 NPs: The SLs growth was performed 

through the immersion method. Maghemite NPs colloidal solution dispersed in toluene were 

slowly evaporated on amorphous carbon coated TEM grid in glass vial (Figure S3, Supporting 

Information). The volume of colloidal solution was fixed with 20 µl. This glass vial was placed 

in temperature-controlled chamber under nitrogen flow. The temperature was controlled at 

50°C during whole evaporation.  

 

RESULTS AND DISCUSSION  

1- Formation of binary superlattices of Au and g-Fe2O3 NPs 

The NPs A and B used as building blocks to form binary superlattices have to meet 

stringent requirements: i) a narrow size distribution (≤10 %), a prerequisite to favor long-range 

self-organization, ii) if appropriate as this is the case in our study, a given effective NP size 

ratio (around 0.5) between smaller and larger components30,31 and iii) suitable combination 

ligand/solvent which allow optimal interactions between NPs to first avoid the aggregation 

between NPs, second, to favor the formation of BNSLs and third, to prevent the NP 

segregation17,31. 

In order to deeper understand and then, well master the formation of BNSLs, we have 

investigated, in the following part, the influence of a full set of parameters (effective NP size 

ratio, type of ligand, type of solvent, deposition temperature and deposition process). Thanks 
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to their low size distribution and their magnetic and plasmonic property respectively, g-Fe2O3 

and Au NPs are chosen as the two components.   

 

1.1- Effect of the effective NP size ratio and ligand type 

 The formation of BNSLs is first studied by varying the following key parameters: the 

effective NP size ratio (ɣeff= DC-C (Au))/DC-C (g-Fe2O3) ) and the type of NP ligand. The effective 

NP diameter (DC-C) is defined as the center-to-center distance between gold or maghemite NPs 

when they are organized in 3D hexagonal network and is calculated from line profiles 

performed on TEM image (Figure S1 and S2).  Dc-c value takes thus into account the soft ligand 

corona and the metal core diameter 5. The effective length for C12 and C18 type ligands deduced 

from the difference between DC-C and the diameter D (see Table 1) for close packed assembly 

of maghemite or a gold NPs are respectively found equal to  2 and 1.8 nm respectively. These 

values are consistent with those obtained with similar metal nanoparticles having the same 

coating agent 6,32. These reduced effective lengths were ascribed to interdigitation of the alkyl 

chains.  Three different diameters D of g-Fe2O3 NPs (12.4, 11.4, and 7.9 nm) coated with oleic 

acid (C18) or lauric acid (C12) are considered, keeping a single size of Au NPs (4.6 nm), coated 

with dodecanethiol (C12). The corresponding effective diameter of both components and 

effective size ratio of the three combinations of NPs are given in Table 1. The colloidal solvent 

used for both components is toluene and the concentration ratio ([g-Fe2O3]: [Au]) is equal to 

1/4. The growth of BNSLs is performed by using the immersion method, at controlled 

deposition temperature, 50 °C (Table 2).  
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Table 1. Summary of the g-Fe2O3 and Au NPs differing by their diameters, nature of ligands 

(with Cn carbon atoms), effective diameters (D) and effective size ratio (geff) in the 

corresponding binary superlattices (BNSLs) 

 

 

NP type 

 

ligands 

 

Diameter D 

(nm) 

 

Effective 

diameter DC-C 

(nm) 

 

g-Fe2O3/Au BNSLs/ effective 

size ratio (geff) 

 

 

g-Fe2O3 

Lauric acid 

(C12) 

12.4 14.2 0.45 

Oleic acid 

(C18) 

11.4 13.4 0.48 

Oleic acid 

(C18) 

7.9 10 0.64 

Au Dodecanethiol 

(C12) 

4.6 6.4  

 

 

Table 2. Growth conditions of BNSLs. 

Fixed parameter Condition 

Concentration ratio ([g-Fe2O3 ]:[Au]) 1:4 (0.1 wt.% : 0.4 wt. %) 

Solvent Toluene 

Volume of NPs 40 (µl) 

deposition method Immersion method 

Deposition temperature (Td) 50 °C 
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TEM study reveals those three different structural types of BNSLs: NaCl (Space Group Fm3m), 

AlB2 (Space Group P6/mmm), NaZn13 (Space Group Fm3c), which are obtained by varying the 

effective nanoparticle size ratio ɣeff (0.45; 0.48 and 0.64), keeping the other conditions 

unchanged (Td and [g-Fe2O3]/[Au]) (Figure 1). The TEM image in Figure 1a show typical (111) 

crystal planes of NaCl-type binary superlattices with the corresponding model in the insets for 

an effective size ratio ɣeff=0.45. The size of the crystal domains of the NaCl-type binary 

structure is several micrometers (see low magnification TEM images in Figure S4a, Supporting 

Information). A further increase of ɣeff to 0.48 and 0.64 gives rise to AlB2 and NaZn13 type 

binary structures respectively (Figure 2b and c). The corresponding model are in insets. The 

size of the crystal domains of both binary structures can reach 1-2 µm (Figures S4b and c, 

Supporting Information). For AlB2-type structure, the crystal has the (110) plane parallel to the 

substrate (Figure 1b). For NaZn13-type structure, the TEM image represents the icosahedral 

NaZn13 from the preferential crystal orientation with the (100) plane parallel to the substrate 

(Figure 1c).   

 

Figure 1. TEM images of binary superlattices composed of  "-Fe2O3 and Au NPs, with different 

effective size ratio (ɣ!""), keeping the other conditions unchanged ([g-Fe2O3]/[Au])=1/4, 

Td=50°C), ɣ!"" = (a) 0.45 (b) 0.48 (c) 0.64. Insets (right) show selected area FFT analysis. 

Insets (left) show BNSL structure corresponding to TEM images. 
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At lower magnification (Figure S4, Supporting Information), TEM study reveals the presence 

of cracks, which tends to indicate a layer-by-layer growth for these NaCl, AlB2, NaZn13-type 

superlattices 12. 

These results show that tunable type-structure BNSLs combining Au NPs (4.6 nm) and 

g-Fe2O3 NPs can be obtained with various effective size ratio, ɣeff, (0.45 ≤ 0.48 < 0.64), that 

is, at various g-Fe2O3 effective diameter (14.2 nm > 13.4 nm > 10 nm). The increase in the 

effective size ratio favors a transition of BNSL type-structure from NaCl towards AlB2 and 

finally towards NaZn13 structures. The BNSLs structures observed in this study are in 

accordance with the phase diagram for binary hard spheres mixtures5,13,33,34. This is well 

illustrated on the Table 3, which compares the various structures of binary superlattices 

obtained for the different nanoparticle effective size ratio values, at the atomic scale 

(theoretical) and the NP scale (our experimental study). This confirms that at given temperature 

(50 °C) and concentration ratio ([g-Fe2O3]/[Au] =1/4), the hard-sphere model designed for 

atoms can, to some extent, be used for NPs. Consequently, we show that the binary superlattices 

can be simply predicted from the spacing filling curves.  

 

Table 3. Comparison of BNSL structures that are experimentally obtained with those predicted 

by the phase diagrams for binary hard spheres mixtures5,34for various effective size ratio values. 

 NaCl AlB2 NaZn13 

Ref. 34 
0.421≤

ɣ!"" ≤0.45 
0.45≤ ɣ!"" ≤0.54 0.54≤ ɣ!"" ≤0.65 

DC-C (Au) /DC-C (g-Fe2O3) ɣ!"" =0.45 ɣ!"" =0.48 ɣ!"" =0.64 
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1.2. Effect of the [g-Fe2O3]/[Au] concentration ratio and deposition temperature (Td)  

The effective size ratio is not the single key parameter to impact the BNSLs structure. 

Previous studies have shown that a change in the concentration ratio of colloidal solutions can 

induce a phase transformation in binary NP SLs15,35. In light of this, we studied the influence 

of [g-Fe2O3]/[Au] concentration ratio combined to the deposition temperature (Td) with our 

system. We focus on the combination oleic acid coated g-Fe2O3 NPs (7.9 nm) and dodecanethiol 

coated Au NPs (4.6 nm) NPs, leading to an effective size ratio ɣeff equal to 0.64 (Table1). The 

colloidal solvent is toluene. TEM images in Figure 2 show that BNSL type-structure 

significantly depends on both the [g-Fe2O3]/[Au] concentration ratio and the deposition 

temperature (Td). First, at Td=50 °C, the decrease in the concentration ratio from 1/1 to 1/4 or 

1/7 induces the structural transition of BNSL type-structure from CuAu to NaZn13. A similar 

behavior is observed at Td=65°C. At Td=35 °C, CuAu-type structure is observed for 

concentration ratios [g-Fe2O3]/[Au]=1/1 and 1/4. At low concentration ratio [g-

Fe2O3]/[Au]=1/7, NaZn13-type with high density of Au NPs remains dominant. At the 

intermediate ratio [g-Fe2O3]/[Au]=1/4, amorphous arrangements are also observed (Figure 2d).  

On one hand, the deposition temperature influences the solvent evaporation rate of the colloidal 

mixture and then the formation of superlattices. On the other hand, the formation of 

superlattices in line with the theoretical phase diagrams of binary hard-sphere mixtures 

typically requires relatively high temperatures33. However, exceeding boiling point of solvent 

prevents the NP organization. Our results clearly show that, for ɣeff value equal to 0.64, the 

well-known hard sphere model of atomic binary bulk material is valid for NPs in a rather 

restrictive domain related to the relative concentration of large to small nanoparticles and 

depends on the deposition temperature (Td). This is valid with 1/4 ≤ [g-Fe2O3]/[Au] ≤1/7 for a 

substrate temperature Td ≥50°C and with [g-Fe2O3]/[Au] =1/7 for a substrate temperature 
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Td=35°C. Nevertheless, the AuCu type structure considered as unstable for geff=0.64 according 

to the hard sphere model is produced with [g-Fe2O3]/[Au]=1/1 for values of Td from 35°C to 

65°C and with [g-Fe2O3]/[Au]=1/4 for Td=35°C. This study clearly shows that the relative 

concentration of g-Fe2O3 and Au nanoparticles as well as the substrate temperature, are 

powerful tools to control the BNSL structure, in addition to the space filling (entropic) 

principle. Furthermore, these results show that BNSL structures with the same stoichiometry 

can be produced in several polymorphic forms, here NaCl and CuAu, by adapting the particle 

size and deposition conditions (deposition temperature and concentrations ration). They are in 

good agreement with previous results obtained by Shevchenko et al. 4 Table 4 summarizes the 

different BNSL structures depending on the particle size and deposition conditions 

(concentration ratio of colloidal solutions, effective size ratios and deposition temperature). 
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Figure 2. TEM images of binary superlattices formed with 7.9nm g-Fe2O3 NPs and 4.6nm Au 

NPs at fixed effective size ratio (ɣeff =0.64), with various [g-Fe2O3]/[Au] concentration ratios:1, 

1:4 and 1:7, and various deposition temperatures: 35 °C, 50°C and 65 °C. Insets (right) show 

selected area FFT analysis. Insets (left) show unit cell of each BNSL structure corresponding 

to TEM image.  

 

Table 4. Summary of the different crystal structures obtained according to the 

experimental conditions. 

[g-Fe2O3]/[Au] ɣ#$$ T(°C) 
BNSL 

structure 

 

1/1 

 

0.64 

35 

 

 

 

CuAu 

 

 

CuAu & 

Amorphous 

50 

65 

 

1/4 

 

 

0.64 35 

0.45  

50 

NaCl 

 

0.64 

 

NaZn13 65 

1/7 0.64 35 

1/4 0.48 50 AlB2 

 

1.3.  Effect of the solvent 

At this point, we wonder if the final binary structure is solvent-dependent. So, we performed 

the deposition with g-Fe2O3 NPs with 12.4 or 11.4 nm diameter and Au NPs with 4.6 nm, giving 
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effective size ratios ɣeff =0.45 or 0.48 (see Table 1), respectively. The deposition temperature 

is fixed at 50°C. Toluene and hexane are chosen as the solvents because of their quite different 

boiling point (111°C and 68°C respectively) leading to very different evaporation times (see 

Table S1 in SI).  NaCl and AlB2 type binary structures are observed for both solvents for 

ɣeff=0.45 and 0.48 respectively, in agreement with the well-known hard sphere model (see Table 

3 and Figure 3). This result indicates that, in our conditions, the structure type of the BNSL 

does not depend on the evaporation kinetics i.e. the boiling point of the solvent. 

 

Figure 3 TEM images of binary superlattices composed of g-Fe2O3 and Au NPs, with two 

effective size ratios, ɣeff = 0.45 (a and b) and 0.48 (c and d) and two solvents, toluene (a and 

c) and hexane (b and d). Insets show selected area FFT analysis for corresponding TEM 

images. Insets (left side from FFT diagram, (a and c)) show unit cell of each BNSL structure.  

 

Nevertheless, depending on their chemical nature, solvents can interact differently with the 

ligand layer surrounding the NPs and thus alter the interparticle potential between NPs33,36. To 

study the evaporation kinetic effect on the BNSLs formation, we carried out BNSLs assembly 
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in aromatic solvent such as cumene to compare the resulting BNSLs with the ones obtained 

with toluene. These two solvents are characterized by similar dielectric and Hamaker constants 

(Table S1 Supporting Information) but quite different boiling points (Tb= 152 and 111°C 

respectively). The deposition is performed with g-Fe2O3 NPs (7.9 nm) and Au NPs (4.6 nm) 

giving an effective size ratio ɣeff equal to 0.64 (table 1), the concentration ratio [g-Fe2O3]/[Au] 

=1/4 and the deposition temperature Td=50°C. TEM study evidences the formation of NaZn13 

type structure for BNSLs formed with both solvents, in agreement with the hard sphere model 

(Figure S5, Supporting Information). This result clearly confirms that the structure of the BNSL 

is independent of the evaporation kinetics, which indicates that the assembly process occurs 

mostly under thermodynamic control.  

 

1.3.1. Effect of the deposition substrate 

After focusing on the effects of the g-Fe2O3/Au effective size ratio, the [g-Fe2O3]/[Au] 

concentration ratio, the deposition temperature (Td) and the nature of the solvent on the 

formation of BNSLs, we now focus on a last parameter: the substrate. In the case of 

heterogeneous growth, the substrate can play an important role on the superlattice growth. For 

example, in the case of mono-component superlattices, the coherence length of the organization 

depends on the substrate roughness as well as the interactions substrate-coated NPs37. In order 

to assess the effect of the substrate, we studied the BNSLs formation in the absence of solid 

substrate, what is possible by using the liquid-liquid interface deposition method4,36. This 

method is based on self-assemblies via two immiscible solvents. It is particularly interested to 

get rid of any substrate restrictions as the resulting film formed at the liquid surface can be 

easily transfer to any substrate. This study is performed with g-Fe2O3 NPs (7.9 nm) and Au NPs 

(4.6 nm) given an effective size ratio, ɣeff equal to 0.64, two different concentration ratio 1/1 
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and 1/4, a deposition temperature, Td equal to 50°C and toluene as the solvent. TEM study 

(Figures 4a and b) reveals the formation of similar type structures of BNSL domains as those 

observed by using the immersion method, i.e., CuAu and NaZn13 for [g-Fe2O3]/[Au] 

concentration ratio equal to 1/1 and 1/4 respectively (Figure 2). Nevertheless, the BNSLs appear 

clearly thicker and more widespread by using immersion method compared to the interface 

deposition. This result allows to conclude to the absence of impact of the substrate on the final 

BNSL type-structure.   

 

Figure 4. TEM images of binary superlattices formed with 7.9nm "-Fe2O3 and 4.6nm Au NPs 

with fixed effective size ratio (ɣeff =0.64), at a fixed deposition temperature Td=50°C by liquid-

liquid interface method and at different concentration ration a) 1/1 and b) 1/4. Insets (right) 

show selected area FFT analysis. Insets (left) show unit cell of each BNSL structure 

corresponding to TEM image.  
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2- Effect of the insertion of Au NPs in mono-component superlattices of g-Fe2O3 NPs on 

the magnetic properties 

 In order to study the effect of the presence of Au NPs in the superlattices of g-Fe2O3 NPs 

on the magnetic properties, a comparative study at low field and high field have been performed 

involving i) the thin NaZn13 binary superlattices composed of g-Fe2O3 and Au NPs and ii) the 

thin superlattices composed of g-Fe2O3 NPs. The measurements have been performed on the 

samples deposited on a TEM grid by using a SQUID magnetometer.  

The NaZn13 BNSLs (Figure S6) composed of few layers (3-4) are obtained with oleic acid 

coated g-Fe2O3 NPs (7.9 nm) and dodecanethiol coated Au NPs (4.6 nm). The deposition 

conditions are listed in Table 2. Mono-component superlattices composed of g-Fe2O3 NPs are 

obtained by using the same synthetic batch of oleic acid coated g-Fe2O3 NPs (7.9 nm) and same 

solvent (toluene) used to form the corresponding BNSLs (Figure S6a, Supporting Information). 

A prerequisite to this comparative magnetic study is the determination of the core-to-core 

interparticle distances Dc-c between maghemite NPs in both types of assemblies, which has been 

made by TEM study. While TEM image obtained at low magnification, confirms the cubic 

lattices of BNSLs (Figure S7a, Supporting Information), higher magnification images (Figure 

S7b and S7c, Supporting Information) allow to distinguish the g-Fe2O3 (light grey) and the Au 

(black) NPs since gold atoms scatter electrons more strongly than iron oxide. From the contrast 

profile made over the red line, one can deduce the core-to-core interparticle distance Dc-c 

between maghemite in BNSL (Figure S6 c and d, Supporting Information), which is found 

around 13.8 nm (Table S2). For pure g-Fe2O3 superlattices, the TEM image illustrates the close 

packed arrangement of the magnetic NPs (Figure S6, Supporting Information). From the 

contrast profile performed along the red line of the TEM image, the core-to-core interparticle 

distance Dc-c between maghemite is found around 10 nm (Table S2 and Figure S7b, Supporting 
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Information). From this Dc-c value and maghemite NP size, we deduce an edge-to-edge distance 

around 2.1 nm, which indicates the absence of interdigitation between the oleic acid chains 

surrounding the NPs (effective length 1.1nm). This result is in agreement with previous 

results32.  

From this comparative structural study, we deduce that the pure maghemite NPs assemblies are 

distorted by the presence of gold, which induces an increase in distance Dc-c between maghemite 

in the BNSLs. In light of this result, one can expect a change in the magnetic dipole-dipole 

interactions between maghemite NPs in the BNSLs.  

Maghemite NPs with a mean diameter of 7.9 nm, are small enough to have a single magnetic 

domain. In that case, in an assembly of NPs, each nanoparticle acts like a giant or “superspin”. 

In sufficiently concentrated systems as this is the case in superlattices, these superspins can 

interact via long-range dipolar interactions38. The magnetic measurements we performed, allow 

to learn about these dipolar interactions, which are, in light of the structural characterizations, 

expected to change between the two samples.  Figure 5a shows the field-cooled (FC) and zero 

field cooled (ZFC) magnetization versus temperature curves for pure g-Fe2O3 superlattices and 

NaZn13 binary g-Fe2O3-Au superlattices. In a general trend, as the sample has been cooled in 

zero field, there is no net alignment of the superspins (here at 3 K) and hence the magnetization 

is close to zero. A small magnetic field (20 Oe) is applied. As the temperature is increased, the 

superspins become progressively ‘unblocked’, aligning towards the field direction and the 

magnetization increases until it reaches a maximum which we define here as the blocking 

temperature, TB. Above TB the behavior is paramagnetic i.e. the thermal energy increases to 

such an extent that the increased dynamic rotation of the superspins prevents alignment in the 

field direction and the magnetization decreases with increasing temperature. In the FC curve, 

the magnetization is larger than that of the ZFC curve from 3K to TB. Above TB the behavior is 

paramagnetic, and the magnetization decreases with increasing temperature and join the ZFC 
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curve. The pure g-Fe2O3 superlattices are characterized by a TB of around 84 K (Table S3, 

Supporting Information). This value is in good agreement with the values reported in the 

literature for the same size of NPs32. The blocking temperature accounts of the energy barriers 

of the magnetic nanoparticles (Eb), which depend on both the anisotropy energy (size, 

nanocrystallinity and shape) Ea = kaV and the dipole interaction energy, Edd. The narrowness of 

the ZFC peak indicates here, a narrow distribution of energy barriers, that is to say a low size 

distribution of the maghemite NCs in the sample. The low slope of the FC curve, at low 

temperature, is indicative of rather strong dipolar interactions between the nanoparticles. For 

the binary superlattices, we observe a significant decrease in the TB from 84 K to 76 K (Table 

S3, Supporting Information). As the two samples are made with the same batch of g-Fe2O3 NPs, 

this change in TB cannot result from a change in anisotropy or size of the nanoparticles. The TB 

decrease is explained by the decrease in the dipolar interactions between the g-Fe2O3 NPs, 

resulting from the increase in the core-to-core interparticle distance Dc-c distance (from 10 nm 

to 13.8 nm) between magnetic NPs in the binary superlattices compared to the pure maghemite 

superlattices32,39. Such a drop in TB of 8 K, i.e of 10%, is in good agreement with what has been 

observed for binary superlattices made of polyoxometalates and maghemite nanocrystals32 and 

attributed to a decrease in the dipole-dipole-interaction arising from an increase in the core-to-

core interparticle distance40. Besides, we see that there is a slight increase of the slope in the 

field cooled magnetization curve with temperature below TB for the BNSLs compared to the 

pure maghemite superlattices. As previously, this feature is explained by the decrease in the NP 

dipolar interaction in the assembly, and well agrees with the TB decrease.   
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Figure 5. SQUID measurements in thin layers of NaZn13 binary structure composed of 7.9 nm 

g-Fe2O3 and 4.6 nm Au NPs (black curve) and for a pure 7.9 nm g-Fe2O3 NPs (orange curve). 

(a) Temperature dependence of the magnetization in the zero-field cooled/field cooled 

(ZFC/FC) with in-plane field of 20 Oe and (b) hysteresis curves performed at 3K.  

 

Figure 5b shows the magnetization as a function of field for pure g-Fe2O3 superlattices and 

NaZn13 binary g-Fe2O3-Au superlattices. The measurements have been performed at 3 K. The 
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magnetic signatures (at high field) of both samples appear similar. Independently of the 

presence of Au NPs in the thin superlattices, the coercive field (Hc) is found equal to around 

360 Oe (Table S3, Supporting Information). The change in the dipolar interaction, resulting in 

the change of TB, is expected to also impact Hc. However, it is not the case. At this stage of the 

study, the invariance of Hc we observe, cannot be explained. 

These results clearly evidence an effect of the insertion of Au NPs in the superlattices of  g-

Fe2O3.  As a result of an increase in the interparticle distance in the binary superlattices 

compared to the pure g-Fe2O3 superlattices, we observe a decrease in the dipolar magnetic 

interactions between magnetic NPs. So, 4.6 nm Au NPs can be used as spacer between 7.9nm 

γ-Fe2O3 NPs in binary assemblies to tune the dipole interactions between γ-Fe2O3 NPs.  

 

CONCLUSION  

In conclusion, we have shown that designing different crystalline structures of binary 

superlattices by mixing g-Fe2O3 and Au NPs, is possible. One of the key factors to control 

BNSL structure is the effective size ratio. By increasing the effective size ratio, the BNSL type-

structure changes from NaCl to AlB2 and NaZn13 in accordance with the phase diagram for 

binary hard spheres mixtures. The effects of concentration ratio ([g-Fe2O3]/[Au]) and deposition 

temperature were also investigated. It is shown that they can influence the final structure of the 

binary superlattice, alone or combined with each other. Moreover, the final BNSL structure is 

non-solvent dependent i.e. it does not depend on the evaporation kinetics. This result shows 

that the assembly process takes place mainly under thermodynamic control. The magnetic 

properties were investigated on thin Au NPs / g-Fe2O3 NPs binary and pure g-Fe2O3 NPs SLs 

using SQUID magnetometry. We clearly evidenced an effect of the insertion of Au NPs in the 

superlattices of  g-Fe2O3. As a result of an increase in the interparticle distance in the binary 
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superlattices compared to the pure g-Fe2O3 superlattices, we observe a decrease in the dipolar 

magnetic interactions between magnetic NPs.  

Our findings are of particular importance for the design of novel 3D functional materials 

and could be extended to other couple of NPs with different properties (plasmonic/plasmonic 

or plasmonic/magnetic or plasmonic/catalytic) to get optimal coupling and enhance synergistic 

effect between binary component for magnetic, plasmonic or catalytic applications. 
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Figure S1. a) TEM image of 4.6 ± 0.3 nm Au NPs ,  b) corresponding size distribution and c) 

contrast profile made over the red line allowing to determine the effective diameter  DC-C≈6.4 

nm. 
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Figure S2. TEM images of g-Fe2O3 NPs of different diameters and contrast profiles made over 

the red lines, allowing the determination of corresponding effective diameters  DC-C : a) 

D=7.9±0.6 nm b) Dc-c≈ 10nm c) D=11.4±0.9 nm d) Dc-c≈ 13.4	()	e) D=12.4±1.0 nm f) Dc-

c≈14.2nm. 
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Figure S3: Schemes of preparation methods used for growing ordered binary superlattices. 

 

Table S1 Hildebrand parameters and boiling points of the different solvents used in this 

study29–31.  

Solvent or 
(ligands) 

Hildebrand solubility 
parameters (MPa0.5) 

Dielectric 
constant 

Boiling 
point (°C) 

Evaporation 
time (hour) 

Toluene 18.2 2.38 111 4 

Cumene 17.5 2.4 152 5 

Hexane 14.9 1.8 68 0.5 
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Figure S4. TEM images of BNSLs composed of  *-Fe2O3 and Au NPs, with different effective 

size ratios (ɣ!""), keeping the other conditions unchanged ([g-Fe2O3 ]/[Au])=1/4, Td=50°C), 

ɣ!"" = (a) 0.45 (b) 0.48 (c) 0.64. Insets: the FFT analysis performed on selected areas (red 

squares) of the binary superlattices and BNSL structures corresponding to TEM images. 

AlB2 

NaZn13 

NaCl 
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Figure S5. TEM images of NaZn13 type binary superlattices formed with 7.9nm *-Fe2O3 and 

4.6nm Au NPs with fixed effective size ratio (ɣeff =0.64) and deposition temperature Td=50°C 

by using different solvents a) toluene and b) cumene. Insets: the FFT analysis performed on 

selected areas (red squares) of the binary superlattices and representation of unit cell of NaZn13 

type binary structure. 
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Table S2. Interparticle distance DC-C between magnetic NPs (g-Fe2O3 NPs) in thin BNSLs and 

pure g-Fe2O3 NP assemblies. 

 
Binary superlattices 

formed with 7.9 nm g-Fe2O3 and 4.6 nm 

Au NPs 

Pure 7.9 nm g-Fe2O3 NP 

superlattices 

DC-C 13.8 nm 10 nm 

Crystalline 

structure NaZn13 fcc 

  

 

Figure S6. (a) TEM image of thin layers of g-Fe2O3 NPs with their FFT image (inset) and (b) 

the contrast profile made over the red line, indicating an interparticle distances DC-C≈10 nm. 
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Figure S7. (a-c) HR-TEM images of NaZn13 BNSL structure at different magnifications and (d) 

the contrast profile made over the red line, from (b) indicating an interparticle distances DC-

C≈13.8 nm. 

 

Table S3. Comparison of the blocking temperature and the coercivity values obtained by 

SQUID measurements for pure g-Fe2O3 superlattices and g-Fe2O3 -Au BNSLs. All values are 

deduced from Figure 6.  

 SQUID 

 Blocking temperature, Tb (K) Coercivity, Hc (Oe) 

g-Fe2O3 superlattices 84 360 

g-Fe2O3-Au BNSLs 76 360 

 

 

 

 

 

 


