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Abstract 

 

Flexible magneto-dielectric composites were prepared by dispersing high saturation 

magnetization (Ms), low coercivity (Hc), air-stable, Fe/citrate nanoparticles and 

heterostructures of Fe/Ag core-shell nanoparticles in an elastomer (polydimethylsiloxane) 

matrix. Fe/citrate nanoparticles with a polycrystalline Fe core, a thin oxide layer, and a 

citrate shell have a Ms of 144 emu/g and Hc of 420 Oe. Fe/Ag core-shell nanoparticles 

exhibit lower Ms of 98 emu/g and Hc of 210 Oe prior to annealing. The saturation 

magnetization of Fe/Ag core-shell nanoparticles increased to 120 emu/g and the Hc 

decreased to 58 Oe after annealing, due to formation of the heterostructure and changes 

in the chemical composition and size of the oxide layer. Magneto-dielectric composites 

fabricated with air-stable Fe/citrate nanoparticles possess high μ (3.0) and moderate ε 

(11.6) while maintaining low magnetic (0.29) and dielectric (0.051) loss. Moreover 

magneto-dielectric composites fabricated using Fe/Ag heterostructures combine high μ 

(2.25) and ε (22.3) with low magnetic (0.24) and dielectric (0.09) loss. Radio Frequency 

antennas made from Fe/citrate nanoparticle and Fe/Ag heterostructure composites have 

achieved size reductions of 44% and 38%, respectively. 
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Introduction  

Hybrid materials with high magnetic permeability () and dielectric permittivity () 

known as magneto-dielectric materials are essential for the development of high 

efficiency microwave electronic devices and their miniaturization.
1
 Polymer-magnetic 

nanoparticle composites have promise as magneto-dielectric hybrids, due to their low 

magnetic and dielectric loss, mechanical flexibility, and ease of processability. The 

polymer matrix prevents particle aggregation, reducing conductivity losses, and provides 

mechanical flexibility. Magnetic nanoparticles dispersed in a polymer matrix contribute 

to the permeability and permittivity of the magneto-dielectric composite.
2
  

The permeability of polymer-magnetic nanoparticle composites is limited by 

magnetic resonance frequency (fres) and saturation magnetization (Ms) of the magnetic 

nanoparticles through the Snoek Limit.
3
 The permeability drops significantly for 

frequencies above fres. For this reason polymer composites containing MnZn and NiZn 

ferrites or similar materials with high permeability, yet low fres have found limited 

application in microwave electronics.
4
 Additionally, materials with low Ms such as iron 

oxides cannot achieve sufficient permeability to be utilized for microwave device 

miniaturization.
2, 5

 

The dielectric and magnetic loss of magneto-dielectric composites are important 

properties that need to be minimized in order to improve the efficiency of microwave 

electronic devices. Dielectric losses mostly originate from eddy currents generated in the 

material. The eddy current generation in polymer-magnetic nanoparticle composites can 

be reduced by decreasing the size of nanoparticles below a critical dimension (skin 

depth).
6
 It is possible to increase the skin depth of the hybrid material by decreasing the 

conductivity originating from the percolation of magnetic nanoparticles.
7
 As a 

consequence low conductivity leads to low dielectric loss. The coercivity (Hc) of 

magnetic nanoparticles induces magnetic losses in polymer-magnetic nanoparticle 

composites.
8
 Magnetic losses can be reduced without sacrificing any magnetization by 

the use of superparamagnetic nanoparticles. However, it is quite challenging to 

synthesize superparamagnetic nanoparticles with high Ms. Magnetic materials with high 

Ms such as ferromagnetic iron cannot maintain their magnetization at dimensions smaller 

than the critical superparamagnetic size because of excessive oxidation.
9, 10

 Polymer-

Page 2 of 22Journal of Materials Chemistry C

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
C

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



magnetic nanoparticle composites reported in literature consist of either oxidized 

superparamagnetic nanoparticles with no coercivity and low Ms resulting in low μ, or 

high Ms ferromagnetic nanoparticles with substantial coercivity leading to high magnetic 

loss.
2, 5, 11, 12

 

In this work, we report on the fabrication of two sets of flexible magneto-

dielectric composites with low magnetic and dielectric loss. This is achieved by the 

dispersion of high Ms, low coercivity air-stable iron (Fe) nanoparticles and iron/silver 

(Fe/Ag) heterostructures in polydimethylsiloxane (PDMS) matrices. The magneto-

dielectric composites made of air-stable Fe/citrate nanoparticles can be adapted to the 

fabrication of broadband RF antennas, since they possess high μ (3), while maintaining 

low magnetic (0.29) and dielectric (0.051) loss.
13

 Additionally, Fe/citrate nanoparticle 

composites are shape compliant, allowing tensile elongation up to 15% strain before 

failure. Fe/Ag heterostructures formed by thermal annealing of Fe/Ag core-shell 

nanoparticles were dispersed in PDMS to fabricate magneto-dielectric composites with 

high μ (2.25) and ε (22.3), but low magnetic (0.24) and dielectric (0.09) loss, which 

makes them suitable for RF antenna miniaturization.
1, 14

 The Fe/Ag heterostructure 

composites are able to deform plastically under tensile elongation up to 70% strain. 

Experimental 

Synthesis of air-stable Fe/citrate nanoparticles 

Fe/citrate nanoparticles were synthesized at room temperature from FeSO4 using NaBH4 

as the reducing agent. FeSO4·7H2O (10mmol) and trisodium citrate dihydrate (2mmol) 

were dissolved in 2.5 L deionized water. The mixture was stirred with a magnetic stirrer 

for 5 minutes, then NaBH4 (20mmol) was added to the mixture to initiate nanoparticle 

nucleation. The mixture was allowed to react for 20 minutes, and the nanoparticles were 

extracted using a rare-earth magnet for sedimentation. The particles were washed with 

ethanol 10 times, then vacuum dried and stored at atmospheric conditions. 

Synthesis of Fe/Ag core-shell nanoparticles and heterostructures 

Fe/Ag core-shell nanoparticles were synthesized at room temperature using a similar 

method. In this procedure Fe/citrate nanoparticles were reacted for 5 minutes instead of 
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20 minutes, then an aqueous AgNO3 (7ml, 0.5M) solution was injected into the reaction. 

The mixture was allowed to stir for 20 minutes, and the core-shell nanoparticles were 

collected using magnet sedimentation. The collected particles were washed with ethanol 

10 times then vacuum dried. The Fe/Ag core-shell nanoparticles were annealed at 600°C 

under flow of reducing gas (Argon/Hydrogen (95%, 5%)) for 1 hour to form a 

heterostructure of Fe/Ag core-shell nanoparticle aggregates with a coherent interface. The 

resulting Fe/Ag heterostructures were kept under atmospheric conditions. 

Preparation of flexible magneto-dielectric composites 

PDMS (Sylgard 184, Dow Corning) was prepared by mixing base silicone polymer with 

a curing agent in a 10:1 weight ratio. Dry Fe/citrate nanoparticles or Fe/Ag 

heterostructures were mixed in the polymer at the desired nanoparticle loading. The 

polymer particle mixture was poured into a mold, placed in a vacuum dessicator for 30 

minutes to remove air bubbles, and cured at 100°C for 4 hours. 

Characterization 

Transmission Electron Microscope (TEM) (JEOL 2100F), Powder X-Ray Diffraction 

(XRD)(Bruker C2 Discover-Source: Cu-Kα (λ=0.154nm)) and X-ray photoelectron 

spectrometer (Kratos Axis 165, Al K (1486.6 eV)) were used for structural and 

elemental characterization of the nanoparticles via imaging, Energy Dispersive X-Ray 

Spectroscopy (EDS), Selected Area Electron Diffraction (SAED), Powder Diffraction 

and X-ray Photoelectron Spectroscopy (XPS). Vibrating Sample Magnetometer (VSM; 

Lakeshore 7400 series) was used to characterize the magnetic properties of the 

nanoparticles. Dynamic Mechanical Analysis (TA Instruments Q800) was used to 

characterize the mechanical properties of the polymer nanoparticle composites. The 

magnetodielectric properties of the composites were determined using an Agilent RF 

impedance/material analyzer (E4991A). 

Results and Discussion 

The TEM images and SAED patterns of air-stable Fe/citrate, Fe/Ag core-shell 

nanoparticles and Fe/Ag heterostructures are presented in Figure 1. The air-stable 

Fe/citrate nanoparticles capped with citrate developed a very thin oxide shell, which 
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helps prevent further oxidation of the Fe core along with the citrate capping layer (Figure 

1A). The average particle size for the air-stable Fe/citrate nanoparticles was measured to 

be 100 nm with a standard deviation of 19 nm (100 ± 19 nm). The Fe/Ag core-shell 

nanoparticles also have an oxide layer similar to the Fe/citrate nanoparticles, which 

separates the Fe core from the shell layer consisting of Ag nanoparticles (Figure 1B). The 

average diameter for the Fe/Ag core-shell nanoparticles was 120 ± 23 nm, which is 

slightly higher than the Fe/citrate nanoparticles because of the additional Ag 

nanoparticles covering the Fe core. The Fe/Ag heterostructures consist of aggregates of 

Fe/Ag core-shell nanoparticles with the Ag shell layer forming a coherent interface upon 

annealing at 600°C as illustrated in Figure 1C. In addition to TEM, SAED was used to 

identify the crystalline structure of each sample. 

 The SAED pattern of Fe/citrate nanoparticles indicates a microstructure of 

polycrystalline body centered cubic (bcc) Fe with Debye rings that correspond to, 

crystallographic planes Fe (110) and Fe (211) (Figure 1A(ii)-inset). The SAED pattern of 

Fe/Ag core-shell nanoparticles is an overlay of the polycrystalline bcc Fe pattern on the 

polycrystalline Ag pattern (Figure 1B(ii)-inset). The Debye rings that represent the 

crystallographic planes in polycrystalline microstructure of Fe core and Ag shell are 

shown as an inset in Figure 1B(ii).  

 The crystalline structure of Fe/Ag core-shell nanoparticles changed significantly after 

thermal annealing under reducing gas flow. The crystal size of Ag shell increased after 

annealing, as inferred by the discontinuous Debye rings of Ag crystalline planes in the 

SAED pattern of the Fe/Ag heterostructure (Figure 1C(ii)-inset). The SAED pattern of 

the Fe/Ag heterostructure shows Laue diffraction patterns representing Fe crystalline 

planes instead of Debye rings. This indicates a significant increase in crystal size for the 

Fe core (Figure 1C(ii)-inset). 

 The average crystal size of the Fe in nanoparticles and heterostructures is an important 

structural parameter for the characterization and tunability of the magnetic properties 

(Ms, Hc) for both nanoparticles and heterostructures. Crystals below the critical 

superparamagnetic to ferromagnetic transition size of 10 nm for Fe result in zero 

coercivity.
15

 However, further reducing the crystal size below the critical transition size 

leads to a decrease in Ms.
15

 Powder X-Ray Diffraction (XRD) was utilized to identify the 
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crystalline structure and crystal size of Fe in each material (Figure 2). The average crystal 

size of Fe in nanoparticles and heterostructures was determined from the diffraction peak 

of Fe (110) plane using Scherrer’s Equation.
16

 The XRD data indicates that the core of 

the nanoparticles consist of polycrystalline iron with an average crystal size of 5 nm for 

both Fe/citrate nanoparticles and Fe/Ag core-shell nanoparticles. Consistent with SAED 

patterns, the peaks of the Fe planes become sharper after annealing, which indicates an 

increase in crystal size. The average crystal size of Fe for the Fe/Ag heterostructures 

calculated from XRD data is 9.6 nm, which confirms the increase in crystal size with 

annealing (Figure 2). 

 The chemical composition of nanoparticles and heterostructures is equally important as 

the morphology for the displayed magnetic properties. Characterization of chemical 

composition for each nanoparticle and heterostructure was performed using localized 

EDS. XPS was used to characterize surface compositions of nanoparticles and 

heterostructures.  

 The STEM images and corresponding elemental EDS map for each nanoparticle and 

heterostructure are presented in Figure 3. The elemental EDS map of Fe/citrate 

nanoparticles shows a thin oxide layer covering the surface of the Fe core (Figure 3A). 

The oxide layer remains stable after being stored under ambient conditions at room 

temperature for 6 months (Figure S1-B). Upon annealing Fe/citrate nanoparticles with an 

analogous procedure for Fe/Ag core-shell nanoparticle annealing, the stable oxide layer 

grew thicker (Figure S1-B). The elemental EDS map of Fe/Ag core-shell shows a 

discontinuous shell layer formed by Ag nanoparticles around the Fe core prior to 

annealing (Figure 3B), consistent with the TEM images (Figure 1B). However, the EDS 

map does not indicate a distinct oxide shell (Figure 3B). After thermal annealing, the 

Fe/Ag core-shell nanoparticles form a heterostructure with an Ag shell with better 

coverage, as illustrated in the elemental EDS map (Figure 3C). The EDS map of the 

Fe/Ag heterostructure shows no obvious signs of oxidation at the surface. This can be 

attributed to the presence of a noble metal layer of Ag. 

 The characterization of the surface chemical composition of nanoparticles and 

heterostructures using XPS reveals the state of oxidation for Fe at the interface between 

the Fe core and shell layers (Figure 4). The XPS data agrees well with EDS for Fe/citrate 
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nanoparticles where both indicate the existence of an oxide layer covering the Fe core 

(Figure 4A-inset). The oxide layer apparent at TEM images of Fe/Ag core-shell 

nanoparticles (Figure 1B) was confirmed by XPS (Figure 4B-inset). The oxide layer was 

identified as Fe2O3 from the satellite peak appearing at 718.8 eV for both Fe and Fe/Ag 

core-shell nanoparticles (Figure 4(A,B)).
17

 The XPS data also indicates the existence of 

elemental Fe represented by the peak located at 706.7 eV (Figure 4(A, B)-inset). The 

existence of elemental Fe confirms that the oxide layer is as thin as the limited mean free 

path of X-rays.
18

  

 The XPS data of Fe/Ag heterostructures shows that the state of oxidation and thickness 

of the oxide layer has changed after annealing (Figure 4C). The oxide layer of Fe2O3 

became Fe3O4 after annealing, which can be inferred by the absence of the satellite peak 

at 718.8 eV (Figure 4C-inset). Additionally, the elemental Fe peak became more 

prominent relative to the oxide related peaks (Fe(3p1/2), Fe(3p3/2)), indicating that the 

oxide layer becomes thinner after annealing (Figure 4C-inset). The change in oxidation 

state and oxide layer thickness after annealing is consistent with previously reported Fe 

nanoparticles that were annealed in reducing ambient.
19

  

 The magnetic characterization correlates well with both the morphology and chemical 

composition of the nanoparticles and heterostructures. The Fe/citrate nanoparticles 

demonstrated significant Ms (144 emu/g), and high coercivity (420 Oe) (Figure 5A). The 

Fe/Ag core-shell nanoparticles have a lower Ms (98 emu/g) than the Fe/citrate 

nanoparticles, due to the non-magnetic shell layer of Ag.  

 The coercivity of Fe/Ag core-shell nanoparticles (210 Oe) is smaller than for Fe/citrate 

nanoparticles because the increase in size of the nanoparticle, reduces the influence of 

surface anisotropy.
20

 The Fe/Ag heterostructures exhibit a higher Ms (120 emu/g) as 

compared to Fe/Ag core-shell nanoparticles (98 emu/g) due to the increase in average Fe 

crystal size and decrease in oxide layer thickness after annealing (Figure 5A).
11

 The 

increase in Fe crystal size did not build additional coercivity because the average crystal 

size remained below the critical dimension for superparamagnetic to ferromagnetic 

transition. Moreover, the shape anisotropy became even less significant for Fe/Ag 

heterostructures since the size increased significantly as the Fe/Ag core-shell 

nanoparticles aggregate (Figure 1C). As a result, the coercivity of Fe/Ag heterostructures 
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decreased to 58 Oe (Figure 5A). The magnetic properties of Fe/Ag core-shell 

nanoparticles and Fe/Ag heterostructures were evaluated after 6 months, in order to 

assess the stability of the nanoparticles (Figure 5(B-C)). The Ms of the Fe/Ag core-shell 

nanoparticle were decreased by 24% as a result of oxidation (Figure 5B), which was 

confirmed by EDS studies (Figure S2). The coercivity decreased slightly to 200 Oe. The 

magnetic properties of Fe/Ag heterostructures remained stable over the same period as a 

result of the protective Ag layer preventing oxidation (Figure 5C). 

 The Fe/citrate nanoparticles and Fe/Ag heterostructures were dispersed in a PDMS 

matrix and cured to form flexible magnetodielectric composites. The mechanical stress-

strain curve for each polymer/nanoparticle composite is presented in Figure 6. The 

Young’s modulus of Fe/citrate nanoparticle (1.75 MPa) and Fe/Ag heterostructure (0.79 

MPa) composites with nanoparticle loading of 50wt% is higher than the modulus of the 

pure PDMS elastomer (0.56 MPa), indicating good adhesion between nanoparticles and 

the PDMS matrix (Figure 6A).
21

 Both Fe/citrate nanoparticles and Fe/Ag heterostructure 

composites with 50wt% nanoparticle loading exhibit 120% tensile elongation at break 

(Figure 6A). The composites made of Fe/citrate nanoparticles with 75wt% nanoparticle 

loading can deform elastically until failure at 15% strain (Figure 6B). On the other hand 

composites made of Fe/Ag heterostructure composites with 75wt% nanoparticle loading 

can deform plastically until failure at a strain of 70%, possibly due to better adhesion 

between Ag and PDMS (Figure 6B).
21

 The Young’s modulus of the composites increases 

with increasing nanoparticle loading; up to 11.1 MPa and 3.3 MPa for Fe/citrate 

nanoparticle and Fe/Ag heterostructure composites at 75wt% nanoparticle loading, 

respectively. 

 The electromagnetic constants (, ) and loss characteristics of both Fe/citrate 

nanoparticle and Fe/Ag heterostructure composites were measured at a frequency range 

of 1 MHz to 8 GHz. The ε dispersion relation for composites of Fe/citrate nanoparticles 

and Fe/Ag heterostructures with 50wt% nanoparticle loading was flat at this frequency 

range with no sign of dielectric resonance or relaxation that could lead to additional 

dielectric loss (tan``/` (Figure 7A). Due to the Ag shell, the ε values of Fe/Ag 

heterostructure composite (8) is higher than ε of the Fe/citrate nanoparticle composite 
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(4.2) with the same nanoparticle loading of 50wt%.  

 The dielectric loss values remain low up to a frequency of 3 GHz for both Fe/citrate 

nanoparticle (0.04) and Fe/Ag heterostructure  (0.06) composites with nanoparticle 

loadings of 50wt% (Figure 7B). The dielectric loss value of Fe/Ag heterostructure 

composites increases drastically above 3 GHz due to conductivity losses introduced by 

the Ag shell. The μ and magnetic loss (tan``/` dispersion relation shows a 

magnetic relaxation starting at 2.25 GHz for the composites with 50wt% nanoparticle 

loading (Figure 7(A-B)). The μ values for both Fe/citrate nanoparticle and Fe/Ag 

heterostructure composites are promising for RF device fabrication, reaching 1.83 and 

1.55 at 1.8 GHz, respectively (Figure 7A). The magnetic loss is significantly lower for 

Fe/citrate nanoparticle (0.06) composites and Fe/Ag heterostructure (0.07) composites at 

1.8 GHz (Figure 7B). The magnetic loss increases more drastically for Fe/citrate 

nanoparticle composites at higher frequencies, which is possibly due to hysteresis losses 

and the influence of the Ag shell on magnetic relaxation by altering interparticle 

interactions (Figure 7B).
22

  

 The ε and dielectric loss values of the Fe/citrate nanoparticle composite with 75wt% 

nanoparticle loading are stable from 1 MHz to 8 GHz (Figure 7(C-D)). However, the ε 

and dielectric loss dispersion relation of the Fe/Ag heterostructure composite with 75wt% 

nanoparticle loading indicate a dielectric relaxation at 4.4 GHz, due to aggregation of the 

Fe/Ag heterostructure with increased concentration (Figure 7(C-D)).
23

 As a result ε 

values decrease and the dielectric loss increases significantly for frequencies reaching 4.4 

GHz. Even though the dielectric relaxation decreases ε and increases dielectric loss of the 

Fe/Ag heterostructure composites, they still possess high ε (22.3) and low dielectric loss 

(0.09) up to 3 GHz.  The μ and magnetic loss dispersion relation of composites with 

75wt% nanoparticle loading indicates a magnetic relaxation centered at 2.25 GHz similar 

to composites with 50wt% nanoparticle loading (Figure 7(C-D)). However, both 

Fe/citrate nanoparticle and Fe/Ag heterostructures have high μ and low magnetic loss 

values for frequencies lower than the magnetic relaxation frequency of 2.25 GHz. The 

Fe/citrate nanoparticle composites with 75wt% nanoparticle loading have μ and magnetic 

loss values of 3 and 0.29 at 1.8 GHz, respectively. The Fe/Ag heterostructure composites 

with 75wt% nanoparticle loading have a μ of 2.15 and magnetic loss of 0.24 at 1.8 GHz. 
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The magnetic loss remains stable for frequencies beyond the magnetic relaxation for 

Fe/Ag heterostructure composites unlike Fe/citrate nanoparticle composites, which tend 

to have higher magnetic loss with increasing frequency (Figure 7D). As the particles get 

more densely packed with increasing concentration, the influence of the Ag shell as a 

spacer becomes more influential compared to coercivity effects, thus fixing the magnetic 

loss of Fe/Ag heterostructures at 0.24 beyond 2.25 GHz.
22

 Flexible RF antennas have 

been fabricated using Fe/citrate nanoparticle and Fe/Ag heterostructure composites that 

operates at frequencies of 1.7 GHz and 1.9 GHz, respectively (Figure S3). The flexible 

magneto-dielectric composites fabricated using Fe/citrate nanoparticles reduced the size 

of the RF antenna operating at 1.7 GHz by 44%. The Fe/Ag heterostructure composite 

has scaled down the size of the RF antenna with an operation frequency of 1.9 GHz by 

38%. 

Conclusions 

We have fabricated elastic magneto-dielectric composites with low loss by embedding 

high Ms, low Hc, air-stable magnetic nanoparticles and heterostructures in an elastomer 

matrix (PDMS). Fe/citrate nanoparticles and Fe/Ag heterostructures have demonstrated 

good adhesion with the PDMS matrix. As a result the composites with 50wt% 

nanoparticle loading remain flexible up to a tensile elongation of 120%. These 

composites demonstrated promising ε and μ values with low dielectric and magnetic loss, 

while still maintaining their flexibility. The utilization of magnetic nanoparticles with 

appropriate crystal size, while still protecting the magnetic core against oxidation, 

provide a substantial advantage regarding ε, μ, loss values, and tunability of material 

properties for various applications in the field of RF communication devices. The 

Fe/citrate nanoparticle composites demonstrated higher permeability and lower dielectric 

loss due to the absence of a highly conductive and non-magnetic Ag layer. Conversely, 

the Ag layer allowed Fe/Ag heterostructure composites to achieve higher permittivity, 

lower magnetic loss and better mechanical elasticity. The composites have reduced the 

size of RF patch antennas as much as 44%.  We believe this simple, yet effective method 

for designing and processing magneto-dielectric materials with different functionalities 
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can have application in the construction of various communication devices for flexible 

RF electronics. 
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Figure Captions 

Fig. 1 TEM image of A) Fe/citrate nanoparticles, B) Fe/Ag core-shell nanoparticles, C) 

Fe/Ag heterostructures. The SAED characterization of each particle is placed as an inset. 

Fig. 2 Powder X-Ray Diffraction data of Fe/citrate nanoparticles, Fe/Ag core-shell 

nanoparticles and Fe/Ag heterostructures.  

Fig. 3 Scanning Transmission Electron Microscope (STEM) image and EDS elemental 

map of A) Fe/citrate nanoparticles, B) Fe/Ag core-shell nanoparticles, C) Fe/Ag 

heterostructures. 

Fig. 4 XPS spectrum of A) Fe/citrate nanoparticle, B) Fe/Ag core-shell nanoparticle and 

Fe/Ag heterostructures. Localized XPS spectras around the Fe2p region is shown as an 

inset. 

Fig. 5 A) Room temperature magnetic hysteresis curves for Fe/citrate nanoparticles, 

Fe/Ag core-shell nanoparticles and Fe/Ag heterostructures as synthesized. Time 

dependent magnetic hysteresis curves for B) Fe/Ag core-shell nanoparticles, and C) 

Fe/Ag heterostructures. The low-field magnetization curve is shown as an inset.  

Fig. 6 Mechanical Stress/Strain curves for Fe/citrate (circles) and Fe/Ag (squares) 

heterostructure polymer composites with A) 50wt% and B) 75wt% nanoparticle loading. 

The images of elongated composites are shown as an inset. 

Fig. 7 A) Dielectric (ε), Magnetic Permeability (μ) dispersion and B) dielectric and 

magnetic loss values of Fe/citrate (circles) and Fe/Ag heterostructure (squares) 

composites with 50wt% nanoparticle loading. C) Dielectric (ε), Magnetic Permeability 

(μ) dispersion and D) dielectric and magnetic loss values of Fe/citrate (circles) and Fe/Ag 

heterostructure (squares) composites with 75wt% nanoparticle loading. 
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The table of contents entry. Flexible magneto-dielectric composites with high 

permittivity, permeability and low loss are demonstrated and utilized to reduce the size 

radio frequency antennas. 
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