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Magnetic composite nanomaterials consisting of more than two functional constituents have been

attracting much research interests due to the realization of multiple functionalities in a single

entity. In particular, integration of ferromagnetic oxides and noble metal nanoparticles (NPs) in

composites results in simultaneous magnetic activity and optical response where the optical

property of the whole system could be modulated by application of an external magnetic field. In

this work, we prepared Ag NPs-coated Fe3O4 microspheres as a novel surfactant-free surface-

enhanced Raman scattering (SERS) substrate through a solid-phase thermal decomposition

reaction. The SERS sensitivity of the fabricated nanocomposites is maximized by adjusting the size

and density of Ag NPs supported on the Fe3O4 microspheres and further increased by magnetic-

field-directed self-assembly of the composite substrates, with both effects attributed to the efficient

generation of plasmonic near-field “hot” spots. At the optimal conditions, the prepared substrate

is capable of detecting rhodamine 6G molecules at a concentration down to 10�12 M, thus

demonstrating the great potential of using bifunctional nanocomposites as an excellent candidate

for ultra-high sensitive Raman spectroscopy and biosensors. We also reveal the underlying

mechanisms responsible for the observed SERS enhancements through full-wave numerical

simulations. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823732]

INTRODUCTION

Recently, magnetic composite nanostructures composed

of two or multiple constituents with different functionalities

have received a great deal of attention due to the creation of

novel properties that cannot be achieved with a single

component.1–6 Among a large variety of magnetic nanocom-

posites comprised of different constitutes, combination of fer-

romagnetic materials with noble metals in an arrangement of

core-shell configuration is of particular interest because of the

resulting simultaneous optical and magnetic response as well

as their flexible control through an application of external

magnetic fields.7–18 These bifunctional structures have dem-

onstrated great potential in biosensing and bioimaging

applications. For example, biocompatible crescent-shaped

composite nanoparticles (NPs) made of multilayered Au/Fe/

Ag/Au have been used as efficient surface-enhanced Raman

scattering (SERS) nanoprobes for biomolecular imaging with

magnetically modulated detection of low-concentration mole-

cules.7 Coating ferromagnetic Fe3O4 microspheres with noble

metal NPs such as Au and Ag in an arrangement analogy to

planet-satellite configuration is an alternative approach for

constructing such bifunctional SERS substrates. A general

approach based on using 3-aminopropyltrimethoxysilane as a

linker has been proposed to construct diverse multifunctional

Fe3O4/metal hybrid nanostructures displaying magnetization,

with example demonstrations of Au/Pt and Au/Ag NPs sup-

ported on the surface of Fe3O4 microspheres.10 Other typical

strategies include ultrasonic synthesis method,11 thermal

decomposition,12 high-temperature hydrolysis14 and wet-

chemical method,15 etc. From a practical point of view, SERS

spectroscopy as a high-sensitivity identification technique of

molecules usually has a very strict requirement on the clean-

ness of the enhancing substrates in order to minimize the

interference signals from the substrates themselves such as

pre-adsorbed surfactant molecules. However, the aforemen-

tioned preparation methods are often solution-based and

involve the use of surfactant molecules during multiple reac-

tion steps. Thus, more efforts are needed to simplify the syn-

thesis method and to improve the substrate cleanness. This is

the first issue we are attempting to solve in the present work.

The SERS enhancement mechanisms are roughly divided

into electromagnetic (EM) and chemical effects.19 Numerous

studies have demonstrated that EM field intensity can be

greatly enhanced within the narrow gap between two metal

NPs, and hence enormous SERS enhancements can be

achieved for molecules locating in the gap area.20–23 When

two metal NPs are brought close to form an aggregated struc-

ture, their transition dipoles will couple to each other and their

optical near-fields will coherently interfere at the junction site,

resulting in the so-called plasmonic “hot” spots with large

near-field enhancements. In general, there are several methods

to induce NP aggregation, including chemically induced24,25

and photoinduced effects,26,27 etc. In magnetic composite

nanostructures, application of an external magnetic field can
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be simply used to arrange or concentrate individual structures

into controllable aggregation configuration, thus generating a

favorable density of “hot” spots for subsequent SERS

enhancements.7 For instance, Au nanorods-decorated silica-

Fe2O3 microspheres concentrated under a magnetic field

increased the density of “hot” spots thereby boosting the

SERS detection limit.28 Magnetically aggregated Fe3O4-Au

core-shell nanostructures also demonstrated a higher SERS

activity than that of conventional Au NPs under the same con-

ditions.29 Naturally, the size and density of metal NPs sup-

ported on individual microspheres largely affect the total

number of “hot” spots formed either between neighboring

nanoparticles supported on the same microsphere, or between

nanoparticles locating within the contact area of two or more

microspheres in the aggregated or self-assembled clusters.

Therefore, controllable growth and distribution of noble metal

NPs on Fe3O4 microspheres or on more general magnetic tem-

plates is the key to maximizing the SERS sensitivity of such

bifunctional composite nanostructures, but has been largely

overlooked in previous studies.7–16,28,29 This is the second

critical problem we are attempting to tackle in the present

work.

In this paper, based on previous studies, we report on

the fabrication of different kinds of Ag NPs-coated Fe3O4

microspheres as surfactant-free SERS substrates and maxi-

mization of their SERS sensitivity by adjusting silver NP

density and using magnetic-field-induced self-assembly.

Precise control over the molar ratio of the Ag precursor gen-

erated silver NPs of different dimensions and distribution

densities. Under magnetic self-assembly arrangement of

these composite structures, we demonstrated reliable SERS

detection of rhodamine 6G (R6G) molecules at concentration

down to 10�12 M, revealing an enhancement of SERS sensi-

tivity up to 107.

EXPERIMENT

In order to examine the geometry-dependent SERS

response of the composite structures, four samples were pre-

pared with different molar ratios of the Ag precursor and

Fe3O4. Fe3O4 magnetite microspheres were synthesized via a

solvothermal reaction in which FeCl3 and CH3COONa were

added in ethylene glycol with stirring, followed by adding

HOCH2CH2OH into the mixture. The detailed experimental

procedure can be found in former studies.30,31 In this experi-

ment, the amount of Fe3O4 microspheres was fixed (0.1 g,

0.43 mmol), and four different amounts of CH3COOAg

(0.035 g, 0.21 mmol; 0.07 g, 0.43 mmol; 0.14 g, 0.86 mmol;

and 0.28 g, 1.72 mmol) were added, respectively, resulting in

molar ratios of Ag and Fe3O4 at 1:2, 1:1, 2:1 to 4:1. During

the solid-phase thermal decomposition reaction (heating at

300 �C for 1 h), the CH3COOAg was reduced to Ag forming

Ag NPs supported on the surface of Fe3O4 microspheres.

The four Fe3O4@Ag core-shell samples were labeled as

FACS-1, FACS-2, FACS-3, and FACS-4, respectively.

Morphological features of the as-produced composite

structures were characterized by FESEM, FEI Quanta 200

FEG, and their crystal structures were studied by JEOL 2010

TEM, operated at 200 kV. Optical absorption measurements

were carried out on a TU-1901 model UV-visible double-

beam spectrophotometer (Beijing Purkinje General

Instrument Co., Ltd, China) operated at a resolution of 2 nm.

SERS measurements were performed with a confocal

microprobe Raman system (LabRam I from Dilor, France)

using an Ar ion laser operating at 514 nm wavelength. The

excitation laser power was approximately 1mW with a beam

diameter of ca. 2 lm. The integration duration was kept at

constant of 5 s.

RESULTS AND DISCUSION

Representative SEM and TEM images of the as-

obtained Fe3O4@Ag core–shell nanostructures on a Si

substrate are presented in Fig. 1. We can clearly see from

pictures (a) to (d) that the surface coverage rate of Ag NPs

on Fe3O4 microspheres increases with increase of the molar

concentration of Agþ ions used in the reaction. This is

because more Agþ ions reacted with hydroxyl groups on the

surface of Fe3O4 microspheres, and thus enhancing the yield

of Ag atoms. In order to have a quantitative analysis on the

size and density of silver NPs, we plotted in histograms the

distribution of Ag NP diameters and gap distances (defined

as the distance between two neighbouring NPs on the same

microsphere) measured from the TEM images (insets in

Fig. 1), and Gaussian fittings were used to extract the aver-

age diameter and gap distance for each sample (see

FIG. 1. (A)–(D) SEM images of Fe3O4-Ag core-shell structures prepared at

different molar concentration ratios of CH3COOAg and Fe3O4, 1:2 (A), 1:1

(B), 2:1 (C), and 4:1 (D). Insets are their corresponding TEM images. (E)

and (F) High-magnification TEM images showing the attachment of Ag NPs

on a Fe3O4 microsphere (E) and their lattice constants (F).
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Fig. S1).32 For the molar ratio of 1:2 between Ag and Fe3O4,

small Ag NPs of about 20 nm diameter are found to distrib-

ute on the surface of Fe3O4 microspheres with a very low

density (see Fig. 1(a)). Increasing the molar ratio of Ag and

Fe3O4 to 1:1 results in bigger Ag NPs of about 34 nm diame-

ter with an average gap distance of 60 nm, but the NP density

is still very low (see Fig. 1(b)). Interestingly, further increase

of the molar ratio to 2:1 has little effect on the NP size

(36 nm diameter) but significantly increases the density and

hence reduces the gap distance to 22 nm (see Fig. 1(c)),

which results in a uniform and dense distribution of plas-

monic “hot” spots over the microsphere surface. However,

such uniform distribution severely degrades when increasing

the molar ratio to 4:1, accompanied by an appearance of

many large NPs of about 100 nm diameter and 50 nm gap

distance (see Fig. 1(d)). This observation is consistent with

previous studies that excess Agþ ions in the precursor facili-

tate their aggregation,33 thus leading to the formation of very

large Ag NPs. From the high-magnification TEM images

(see Figs. 1(e) and 1(f)), one can clearly observe the uniform

attachment of small Ag NPs on the Fe3O4 microsphere, and

the measured lattice constants correspond to the (111) crystal

plane of Ag and Fe3O4, respectively. The atomic composi-

tion of the prepared Fe3O4@Ag core-shell structures was

mapped by using X-ray photoelectron spectroscopy (results

not shown), from which only Fe, O, Ag, and C elements

were observed. This indicates a high purity of the composite

nanostructures and hence ensures a reliable SERS detection

of the probe Raman molecules.

The optical properties of the Fe3O4@Ag core-shell

structures were investigated by measuring their absorption

spectra in the UV-visible region, with results shown in Fig. 2

for four different samples. The spectrum of bare Fe3O4

microspheres is also shown as reference (curve a in Fig. 2),

which exhibits no obvious absorption peak. Upon deposition

of the Ag-NPs, the composite structures display clear absorp-

tion peaks at wavelengths from 392 to 455 nm (curves b, c,

d, and e), which belong to the localized surface plasmon res-

onance (LSPR) of Ag NPs.34,35 We can see that the LSPR

shows a red-shift and broadening with increase of the size

and surface coverage of Ag NPs supported on the micro-

spheres. Such red-shift and resonance broadening come from

two contributions, including the increased diameter of each

individual nanoparticle, which effectively enlarges the plas-

monic dipole moment,36 and the reduced interparticle gap

distance, which significantly boosts up the plasmonic cou-

pling strength between two neighbouring nanoparticles.37

In Fig. 3, three curves present the hysteresis loops from

which we find the magnetization saturation (MS) values for

bare Fe3O4 microspheres and two Ag-coated Fe3O4 compos-

ite structures (FACS-2 and FACS-4) to be 53.7, 36.5, and

32.6 emu/g, respectively. The significant decrease of the MS

value observed in Fe3O4@Ag can be attributed to the dia-

magnetic contribution of the attached Ag NPs on the surface

of the ferromagnetic Fe3O4 microspheres.38 Such excellent

magnetic properties indicate that all of the prepared samples

have strong magnetic response and can be aggregated or sep-

arated easily by applying or removing an external magnetic

field.39

To test the spectral cleanness of the prepared SERS sub-

strate, we have measured the Raman spectrum of blank Ag

NPs-coated Fe3O4 microspheres deposited on a Si substrate,

with the result shown in Fig. 4(a). Magnetite has five typical

Raman bands: two A1g and three Eg.40 The labelled Raman

peaks 384 cm�1 and 588 cm�1 can be ascribed as two Eg

modes40 while the intense peak observed at 1278 cm�1 is

assigned to two-magnon scattering of hematite present due to

partial oxidation of magnetite.41 In addition to them, no

Raman peaks from any typical surfactant molecules are

observed, indicating the high purity of the prepared substrate.

To study the SERS sensitivity of the prepared four struc-

tures, we used R6G as the probe molecule. Each sample was

immersed in 5 ll R6G aqueous solution at a concentration of

5� 10�7 M, and then deposited on a glass slide by using a

magnetic bar, followed by thorough rinsing with DI water

and natural drying in air (see the schematics in Fig. 7). Note

that during the drying process, the magnet was moved back

and forth along the glass slide, which makes the micro-

spheres assemble in a compact arrangement for the SERS

FIG. 2. Absorption spectra of bare Fe3O4 (a) and Fe3O4-Ag composite struc-

tures, FACS-1 (b), FACS-2 (c), FACS-3 (d), and FACS-4 (e).

FIG. 3. Magnetic hysteresis loops of bare Fe3O4 microspheres (a), FACS-2

(b) and FACS-4 (c) composite structures.
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test. Figure 4(b) displays the SERS spectra of R6G mole-

cules collected from the four Fe3O4-Ag samples. The charac-

teristic Raman bands of R6G molecules, such as 614, 1362,

1510, and 1650 cm�1, are clearly observed in the spectrum.

It is well known that the sharp peaks at 614, 777, and

1127 cm�1 are associated, respectively, with C-C-C ring in-

plane, out-of-plane, and C-H in-plane vibrations, while the

peaks at 1195, 1362, 1510, and 1650 cm�1 are assigned to

the symmetric modes of in-plane C-C stretching vibrations.42

We can clearly see from Fig. 4(b) that the SERS signals

from FACS-3 (curve a) are much stronger than the others,

indicating that the enhanced SERS effect is associated with

not only the increase of Ag NP size but also its uniform dis-

tribution. The results show that the 1362 cm�1 peak intensity

from FACS-3 increases by about 1.5- and 4-fold compared

to that of FACS-4 and FACS-2, respectively.

From the measured SERS enhancements, we can evalu-

ate the role played by the gap size and density of Ag-NPs in

different nanostructures. The Enhancement Factor (EF)43,44

can be calculated quantitatively according to the following

formula:45–47

EF ¼ ðISERS=NSERSÞ=ðI0=N0Þ;

where ISERS and NSERS are the Raman peak intensity values

and the total number of molecules adsorbed on the prepared

substrate, and I0 and N0 are the corresponding parameters for

the control sample (5 ll, 5 mM R6G solution deposited on a

Si substrate in our experiment). This calculation is based on

the fact that the intensity of the collected SERS signal is pro-

portional to the total number of molecules if the molecules

are at a low concentration level. Note that the control experi-

ment was carried out under the same experimental condi-

tions, such as the laser excitation wavelength and

illumination power density. The Raman intensity comparison

between the control sample and the composite nanostructure

FACS-3 is shown in Fig. S2.32 The calculated EFs for the

carbon stretching modes at 1362 cm�1 and 1510 cm�1 are

summarized in Fig. 4(c). It is found that the EF first increases

with the molar concentration ratio of Ag precursor and

Fe3O4 but then decreases, with a maximum value (�3� 106)

for FACS-3 (molar ratio 2:1). This trend is consistent with

our observation from our distribution of Ag NPs with a mod-

erate size and the smallest gap distance, thereby creating a

large number of plasmonic “hot” spots over the whole micro-

sphere surface.

In order to determine the SERS detection limit of the pre-

pared substrates, we have collected the SERS spectra from the

FACS-3 sample as a function of the R6G solution concentra-

tion (from 10�8 to 10�12 M), with results shown in Fig. 5.

Though the Raman intensity largely decreases with dilution of

the R6G solution, we find that the main spectral characteristics

of R6G molecules can be still identified even at the solution

concentration as low as 10�12 M(see the inset of Fig. 5).

We then investigate the effect of magnetic self-

assembly of the Ag-coated Fe3O4 microspheres on their

SERS sensitivity. For this purpose, two samples of FACS-3

with R6G molecules adsorbed were prepared on glass slides,

respectively, by normal drop-casting and magnetic-field-

induced arrangement. From the comparison between curves

a and b in Fig. 6, we can find that the latter substrate shows

much stronger SERS signals, with an estimated further

enhancement of 3 folds. Such improvement can be attributed

to the fact that under application of an external magnetic

field, composite microspheres are assembled in an ordered

arrangement, which thus increases the number of plasmonic

“hot” spots. The results further confirm that assembling the

Ag NPs by the magnetic force is an effective method for

increasing the sensitivity of SERS substrates. Detailed mech-

anisms will be discussed in the following.

We now turn to the exploration of the enhancement

mechanisms governing the SERS sensitivities observed for

the composite structures of different configurations. Ideally,

FIG. 4. (A) Raman spectrum collected from pure Ag NPs-coated Fe3O4

microspheres. (B) SERS spectra of 5 ll, 5� 10�7 M R6G molecules

adsorbed, respectively, on FACS-3 (curve a), FACS-4 (curve b), FACS-2

(curve c), and FACS-1 (curve d). (C) Calculated EFs for the four different

SERS substrates at the 1362 cm�1 (asterisk) and 1510 cm�1 (circle) bands.
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Ag NPs should be closely packed on the surface of Fe3O4

microspheres in order to facilitate the formation of plas-

monic “hot” spots and increase the surface coverage area.

Collective excitation of surface plasmons in the Ag NPs will

result in localized strong near-field enhancements, which can

subsequently enhance the Raman signals from molecules

adsorbed on the NP surface.48,49 In fact, the four samples

investigated in our experiments contain three different types

of Ag-NP arrangements, namely isolated small NPs (FACS-

1), well-separated moderately sized NPs (FACS-2), closely

packed moderately sized NPs (FACS-3) and closely neigh-

bored large NPs (FACS-4). On the one hand, closely packed

NPs (FACS-3 and FACS-4) usually exhibit higher near-field

enhancements because of the strong plasmonic coupling

effect between two NPs and the strong field localization

within the gap area.50–52 Such gaps between the neighboring

NPs on the same Fe3O4 microsphere create the so-called 1st

type “hot” spots as shown in the schematics of Fig. 7. This

type of “hot” spots are absent in the structures of FACS-1

and FACS-2 because they contain either isolated small NPs

(FACS-1) or well-separated moderately sized NPs (FACS-

2), which qualitatively explains their lower SERS EFs (see

Fig. 4(b)). Sophisticated numerical simulations are per-

formed to calculate quantitatively the near-field enhance-

ments for the 1st type of “hot” spots in the four samples as

we will show later. When the microspheres are arranged in

an ordered or closely packed pattern via magnetic-field-

directed self-assembly, on the other hand, plasmonic “hot”

spots can also be created within the gaps formed between the

adjacent Ag-NPs attached, respectively, to two different

Fe3O4 microspheres (see the 2nd type in Fig. 7).50–52 This

gives a qualitative explanation on the observed enhancement

of Raman signals from FACS-3 prepared by magnetic self-

assembly (see Fig. 6). Because such gaps are usually ran-

domly formed and their gap distances cannot be precisely

characterized by SEM or TEM imaging, here we will not

examine their effects via numerical simulations.

The finite-difference time-domain (FDTD) method53 was

employed to calculate the optical near-field enhancement

factors for the 1st type of “hot” spots. The diameter and gap

distance of Ag NPs used in the simulations for FACS-2,

FACS-3, and FACS-4 were extracted from the TEM imaging

(see Fig. 1), and were specified, respectively, as 34 and 60 nm,

36 and 22 nm, and 100 and 50 nm.32 For the reason of simplic-

ity, we model the neighboring Ag NPs on the same Fe3O4

microsphere as NP dimers in a homogeneous environment

(n¼ 1.33). This can be justified by the fact that plasmonic

near-field coupling dominates over the nearest adjacent nano-

particles. Figures 8(a)–8(c) render the calculated near-field

distribution at 514 nm wavelength (corresponding to the laser

excitation wavelength) for NP dimers with diameters and gap

distances corresponding to FACS-2, FACS-3, and FACS-4,

with their spatially averaged field-intensity EFs plotted in Fig.

8(d). We can clearly see that the field intensity is largely

enhanced within the dimer gap of FACS-3 (36 nm diameter

and 22 nm gap distance) compared to the other two structures

FIG. 5. SERS spectra of R6G molecules of different molar concentrations

adsorbed on FACS-3: 10�8 M (curve a), 10�9 M (curve b), 10�10 M (curve

c), 10�11 M (curve d), and 10�12 M (curve e). Insert is a magnified view of

curve e.

FIG. 6. SERS spectra of 10�7 M R6G adsorbed on the FACS-3 substrates

prepared by magnetic self-assembly (a) and simple drop-casting (b).

FIG. 7. (a) Schematic diagrams of the

magnetic self-assembly fabrication of

Fe3O4@Ag SERS substrates. (b) Two

types of plasmonic “hot” spots formed

between Ag-NPs. The 1st type stands

for the gaps between Ag-NPs located

on the same Fe3O4 microsphere while

the 2nd type refers to the gaps between

two Ag-NPs located, respectively, on

the surface of two neighboring Fe3O4

microspheres.
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because of the smallest gap distance. Spatially averaged field

intensity EFs shown in Fig. 8(d) exhibit exactly the same trend

as the SERS EFs observed in Fig. 4(c). This indicates that the

electromagnetic contribution from closely packed Ag NPs on

each Fe3O4 microsphere dominates the total SERS response

of the substrate, highlighting the importance of flexible con-

trol over the metal NP size and density in such bifunctional

composite structures.

CONCLUSION

In summary, by adjusting the mole ratio of reactant, we

have maximized the SERS sensitivity of such composite

structures by controlling the size and density of Ag NPs and

magnetically self-assembling the microspheres in an ordered

or closely packed arrangement. We have shown that, at the

optimal conditions, the prepared substrate is capable of

detecting R6G molecules at a concentration as low as 10�12

M, revealing a combined SERS enhancement factor exceed-

ing 107. The detailed enhancement mechanisms have been

discussed by identifying the two types of plasmonic “hot”

spots formed in such composite structures, and further veri-

fied with numerical simulations.
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