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Abstract
Using metal-organic chemical vapor deposition (MOCVD) process, with high-
purity Fe(CO)5 and SrFe12O19 as raw materials and high-purity N2 as carrier
gas, a continuous Fe film was deposited on the SrFe12O19 surface to prepare
SrFe12O19 @ Fe composite materials. The structure and electromagnetic prop-
erties of the powder were characterized by X-ray diffractometer, scanning elec-
tron microscope, energy dispersive spectrometer, and vector network analyzer,
and its microwave absorption performance was investigated. The results demon-
strate that the deposited film on the SrFe12O19 surface is pure 𝛼-Fe phase with
a thickness of approximately 0.5 �m, and the film covers the SrFe12O19 sur-
face relatively uniformly and completely; after depositing the 𝛼-Fe film on the
SrFe12O19 surface, its electromagnetic properties changed significantly, and the
microwave absorption capability was substantially improved. The sample pre-
pared with a deposition time of 30 min exhibited optimal microwave absorption
performance; when the coating thickness was 1.5–3 mm, the minimum reflection
loss was below –19 dB, and microwave absorption intensity below –10 dB was
achieved in the 6.8–18 GHz frequency range. As the thickness increased, the
minimum reflection loss first decreased and then increased; at a thickness of 2.0
mm, it reached –21.2 dB at 11.6 GHz.
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Using metal organic chemical vapor deposition (MOCVD) with high-purity
Fe(CO)5 and SrFe12O19 as precursors and high-purity N2 as carrier gas, contin-
uous Fe films were deposited on SrFe12O19 surfaces to fabricate Fe-SrFe12O19
composite materials. The structure, morphology, and electromagnetic prop-
erties of the powders were characterized using XRD, SEM, EDS, and a vector
network analyzer, and their microwave absorption performance was investigated.
The results demonstrate that the deposited film on the SrFe12O19 surface con-
sists of pure 𝛼-Fe phase with a thickness of approximately 0.5 �m, forming a
relatively uniform and complete coating over the SrFe12O19 surface. After 𝛼-
Fe film deposition, the electromagnetic properties of SrFe12O19 changed signif-
icantly, with notable improvement in microwave absorption performance. The
sample prepared with a deposition time of 30 min exhibited optimal absorption
properties. For coating thicknesses of 1.5–3 mm, the minimum reflection loss
was below -19 dB across the entire 6.8–18 GHz range. As thickness increased,
the reflection loss peak first decreased then increased, reaching a minimum value
of -21.2 dB at 11.6 GHz for a thickness of 2.0 mm.

Keywords: carbonyl iron, MOCVD, electromagnetic properties, microwave
absorption

Introduction

With the rapid development of the electronics industry, electromagnetic radi-
ation has become a new form of environmental pollution, and its interference
with electronic equipment and potential hazards to human health have attracted
widespread attention from researchers. Currently, electromagnetic shielding and
anti-interference technologies serve as the primary means of protection, making
the study of microwave absorbing materials a hot research topic. In fundamental
research on absorbing materials, developing high-performance absorbing agents
is crucial. SrFe12O19 is widely used in electromagnetic wave absorption mate-
rials due to its large magnetic anisotropy, high coercivity, and stable chemical
properties. Carbonyl iron (CI) has been extensively applied in microwave ab-
sorbing materials because of its simple preparation process, low cost, and large
magnetic loss angle. Additionally, CI exhibits good dielectric properties at high
frequencies, allowing effective tuning of electromagnetic parameters by adjusting
its content in composites.

Currently, few studies have investigated the growth of micro/nano metal shells
on SrFe12O19 surfaces. Pan et al. coated SrFe12O19 with various magnetic met-
als via electroless plating and found that the microwave absorption properties
of magnetic metals and SrFe12O19 are complementary. The unique core-shell
structure or interfacial interactions between core and shell also contribute to
electromagnetic wave absorption. Our previous research modified SrFe12O19
through Nd-Co and La-Co doping and deposited Fe films on La-Co modified
powders, which improved microwave absorption performance. However, rare
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earth elements are expensive, limiting practical applications. Therefore, it is
necessary to develop a one-step reaction method for direct Fe thin film deposi-
tion on SrFe12O19 surfaces.

This work employs metal organic chemical vapor deposition (MOCVD) using
high-purity Fe(CO)5 and SrFe12O19 as raw materials and high-purity N2 as
carrier gas to design and chemically modify composite microwave absorbing
agents at the micro/nano scale, preparing Fe-SrFe12O19 composite materials
and investigating their microstructure and electromagnetic properties.

1 Experimental Materials and Methods

SrFe12O19 powder was synthesized via a sol-gel method. Analytical-grade
Sr(NO3)2 and Fe(NO3)3 were weighed according to the stoichiometric ratio
of SrFe12O19 and dissolved in deionized water. Citric acid with the same mo-
lar mass as the metal ions was added, and the solution was stirred for 30 min
to form a homogeneous transparent solution. While continuously stirring, 25%
NH3・H2O was added dropwise to adjust the pH to 7. The beaker containing
the solution was placed in a water bath at 80 °C and continuously stirred until
a viscous wet gel formed. The wet gel was transferred to a drying oven at 120
°C to obtain a brownish-yellow dry gel, which was then ignited on an electric
furnace to produce SrFe12O19 precursor powder. The precursor powder was
heat-treated at 1000 °C for 3 h (heating/cooling rate of 5 °C/min, with natural
cooling after reaching 300 °C) to obtain SrFe12O19 powder.

For the MOCVD process, 5 g of SrFe12O19 powder and 15 mL of iron pentacar-
bonyl [Fe(CO)5] were placed in the reactor and evaporator, respectively. N2 gas
was introduced to purge air from the pipeline, after which the gas source and
the valve between reactor and evaporator were closed. When the SrFe12O19
and Fe(CO)5 reached 180 °C and 80 °C, respectively, the valve between reactor
and evaporator was opened, and N2 at 30 mL/min flow rate carried Fe(CO)5
vapor into the reactor. Continuous stirring during the reaction ensured uniform
Fe coating on SrFe12O19 surfaces. The N2 flow rate was controlled by a gas flow
meter, while Fe(CO)5 was heated using an HH-SA digital constant-temperature
oil bath. Pipelines before the reactor were wrapped with insulation to prevent
Fe(CO)5 condensation at low temperatures. Deposition times of 10, 30, and 60
min were used, and samples were cooled and collected under N2 protection.

Phase analysis was performed using a Rigaku D/max-2400X X-ray diffractome-
ter (XRD) with Cu K𝛼 radiation (𝜆 = 0.15418 nm) at 40 kV and 100 mA, using
step scanning with a step size of 0.02° and scan rate of 15 °/min over a 2� range
of 15°–80°. Sample morphology was examined using a VEGA II XMU INCN
scanning electron microscope (SEM), and elemental distribution was analyzed
using an INCA 7718 energy dispersive spectrometer (EDS). Electromagnetic
parameters were measured using an HP-8720ES vector network analyzer with
a coaxial method. Test samples were prepared with paraffin as matrix (40 wt%
paraffin, 60 wt% absorbent) following the method in reference [3]. Microwave
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absorption performance was evaluated using the RAM reflection arch measure-
ment method with epoxy resin as matrix and polyamide as curing agent (60
wt% absorbent), following the coating preparation method in reference [9].

2.1 XRD Analysis

[Figure 1: see original paper] shows XRD patterns of Fe-SrFe12O19 samples
prepared at different reaction times. Comparison with standard SrFe12O19
and 𝛼-Fe patterns reveals that all samples exhibit distinct 𝛼-Fe characteristic
peaks around 2� = 44.5°. As deposition time increases, SrFe12O19 characteristic
diffraction peaks gradually weaken while the 𝛼-Fe (110) orientation at 44.5°
strengthens. Using Jade 5.0 software with the RIR method, the relative 𝛼-Fe
contents in the 10, 30, and 60 min samples were calculated to be 11%, 20%, and
26%, respectively.

2.2 SEM Analysis

[Figure 2: see original paper] presents SEM images of SrFe12O19 and Fe-
SrFe12O19 powders at different deposition times. The as-prepared SrFe12O19
shows well-defined crystal structures with relatively perfect hexagonal shapes.
When the reaction time is too short (10 min), the amount of Fe produced is
relatively small with fine dispersed particles, resulting in incomplete SrFe12O19
surface coverage. As deposition time increases (30–60 min), Fe particles
gradually form continuous dense films from dispersed granular arrangements,
completely covering SrFe12O19 particle surfaces with increasing shell thickness,
indicating that Fe yield increases with reaction time within this period.

Samples were cold-mounted with epoxy resin, ground, and polished for cross-
sectional SEM observation and EDS analysis. [Figure 3a: see original paper]
clearly shows the sample cross-section with a continuous bright material coating
the SrFe12O19 particles, allowing clear distinction between the 𝛼-Fe shell and
SrFe12O19 core based on color contrast. Shell thickness measurements using an
electronic scale indicate an average thickness of approximately 0.5 �m. [Figure
3b: see original paper] shows EDS analysis of the sample shell, confirming the
coating is elemental Fe based on Fe, Sr, and O distribution patterns combined
with XRD results, demonstrating successful fabrication of core-shell structured
Fe-SrFe12O19 powder.

2.3 Electromagnetic Parameter Analysis

[Figure 4: see original paper] shows the complex permittivity (�’, �”) and complex
permeability (�’, �”) of Fe-SrFe12O19 at different reaction times. As reaction
time increases, both the real (�’) and imaginary (�”) parts of complex permit-
tivity gradually increase, showing substantial improvement compared to pure
SrFe12O19. Combined XRD and SEM analyses indicate that increasing deposi-
tion time leads to thicker 𝛼-Fe shells with higher content, enhancing dielectric
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loss and resulting in increased complex permittivity. The real part of perme-
ability (�’) of coated samples exceeds that of uncoated SrFe12O19 and increases
with deposition time, reaching a maximum at 60 min. However, the imaginary
part of permeability (�”) decreases with increasing deposition time. SrFe12O19
exhibits a resonance loss peak in �”between 5–7 GHz, which disappears in coated
samples. While SrFe12O19 shows higher �”than all coated samples in the 2–7
GHz range, its �”becomes lower than coated samples in the 11–18 GHz range.

In the microwave frequency band, dielectric loss originates from self-polarization
and interfacial polarization. The numerous interfaces between SrFe12O19 and
𝛼-Fe provide enhanced interfacial polarization, thereby increasing dielectric loss.
Magnetic loss in microwave magnetic materials primarily results from eddy cur-
rent loss, magnetization vector rotation, natural resonance, and domain wall
resonance. Magnetization vector rotation only occurs under strong magnetic
fields, while domain wall resonance occurs in multi-domain materials. There-
fore, magnetic loss in Fe-SrFe12O19 mainly arises from natural resonance and
eddy current loss. If magnetic loss originated solely from eddy current loss, the
value of f−1(�’)−2�’’would remain constant with frequency variation. [Figure
5: see original paper] shows the relationship between f−1(�’)−2�’’values and
frequency for Fe-SrFe12O19, demonstrating a decreasing trend with increasing
frequency, thus confirming that natural resonance dominates the magnetic loss
mechanism.

Effective microwave absorption requires two conditions: first, electromagnetic
waves must penetrate the material interior as much as possible (good impedance
matching), and second, the material must effectively dissipate the incident waves
(large attenuation constant 𝛼). Since ferrite materials exhibit good electro-
magnetic matching properties, enhancing their wave dissipation capability be-
comes particularly important. Analysis of [Figure 6: see original paper] reveals
that the attenuation constant 𝛼 significantly increases after Fe film growth on
SrFe12O19 surfaces, indicating superior microwave absorption performance of
Fe-SrFe12O19 compared to pure SrFe12O19. The sample prepared with 30 min
deposition time shows a relatively large attenuation constant.

2.4 Microwave Absorption Performance Analysis

Based on transmission line theory and measured electromagnetic parameters,
the reflection loss of SrFe12O19 and the 30 min deposition sample was calculated.
The results are shown in [Figure 7: see original paper]. When using SrFe12O19
alone as absorbent, the matching thickness is large (approximately 5 mm) with
few matching points and poor absorption performance. Using Fe-SrFe12O19 as
absorbent significantly improves absorption performance with reduced matching
thickness and multiple matching points at different thicknesses.

To more intuitively reflect the absorption effectiveness of Fe-SrFe12O19, reflec-
tion loss was calculated for thicknesses between 1.5–3.0 mm, as shown in [Figure
8a: see original paper]. As thickness increases, the reflection loss peak gradually
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shifts to lower frequencies according to the relationship:

𝑓𝑚 = 𝑐
2𝜋𝑑

√𝜇″

𝜀′

where 𝑓𝑚 is the matching frequency, 𝑐 is the speed of light in vacuum, 𝑑 is thick-
ness, and 𝜇″ is the imaginary part of complex permeability. This demonstrates
that increased thickness causes 𝑓𝑚 to shift toward lower frequencies. The reflec-
tion loss peak first decreases then increases with thickness, reaching a minimum
value of -21.2 dB at 2.0 mm thickness. For thicknesses between 1.5–3.0 mm, the
minimum reflection loss remains below -19 dB, with an effective bandwidth of
11.2 GHz (6.8–18 GHz) where reflection loss is less than -10 dB.

A coating with the optimal 2.0 mm thickness was prepared and tested, with
results shown in [Figure 8b: see original paper]. Although some discrepancy
exists between experimental and theoretical values, the experimental results
generally reflect the theoretical optimization. This error likely arises from using
paraffin as matrix for electromagnetic parameter measurement versus epoxy
resin for actual coatings, possible thickness variations between theoretical and
actual coatings, and non-ideal coating surface conditions.

Conclusions

1. At a deposition temperature of 180 °C, deposition time of 30 min, and
carrier gas flow rate of 30 mL/min, a uniform Fe thin film with average
thickness of 0.5 �m forms on SrFe12O19 surfaces, successfully fabricating
core-shell structured Fe-SrFe12O19 composite powder.

2. Fe film deposition on SrFe12O19 surfaces significantly alters electromag-
netic parameters. The numerous interfaces between SrFe12O19 and Fe
provide enhanced interfacial polarization, increasing dielectric loss, while
magnetic loss in Fe-SrFe12O19 composite powder is dominated by natural
resonance.

3. The sample prepared with 30 min deposition time exhibits optimal ab-
sorption performance. For coating thicknesses of 1.5–3 mm, the minimum
reflection loss remains below -19 dB, achieving absorption intensity below
-10 dB across 6.8–18 GHz. As thickness increases, the reflection loss peak
first decreases then increases, reaching a minimum of -21.2 dB at 11.6 GHz
for a 2.0 mm thickness.
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