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Colloidal nanocrystal heterodimers composed of a gold domain and an iron oxide domain have been

investigated by femtosecond transient absorption spectroscopy. The measured decay times were

compared with the ones obtained from samples of “only” gold nanocrystals and iron oxide

nanocrystals. Our results indicate that there is no significant charge transfer at the interface between

gold and iron oxide in heterodimers. VC 2011 American Institute of Physics. [doi:10.1063/1.3609324]

Iron oxide nanocrystals (Fe3O4 and c-Fe2O3) have

widely been used in various biomedical applications, for

example as contrast agents in magnetic resonance imaging

(MRI) and in hyperthermia therapy.1,2 However, for photo-

electrochemical applications, the use of iron oxide nanocrys-

tals has been limited by their low conductivity and low

absorption quantum efficiency. On the other hand, a-iron ox-

ide nanoparticles decorated with gold domains have been

exploited as electrodes and exhibited enhanced catalytic

properties, as observed by Thimsen et al.3 who also sug-

gested that either energy transfer or charge-transfer between

gold and iron oxide might be responsible for such enhance-

ment. More in general, colloidal Au-iron oxide nanocrystal

heterostructures have received considerable attention

recently, because they exhibit both magnetic and plasmonic

properties and have been proposed for many applications in

biology4 and in catalysis.3 To date, many reports have been

published on the synthesis of Au-iron oxide hetero-nano-

structures, and some of them are cited here: �12 nm Fe3O4-

Au core-shell nanocrystals by Xu et al.;5 Au-Fe3O4 dumb-

bells of a variety of sizes (�10-24 nm) by Yu et al.;6 core/

shell nanocrystals with varying thickness of the iron oxide

shell (from �2.5 to 3.3 nm) by Shevchenko et al.;4 and

dumb-bell nanocrystals (�20 nm) with two iron oxide

domains by Shi et al.7

Various works have reported also a significant red-shift

in the gold plasmon peak in Au-c-Fe2O3 nanocrystal hetero-

structures with respect to its position in pure Au nanopar-

ticles. This red shift has been generally ascribed to a change

in dielectric constant of the surrounding medium due to the

presence of iron oxide, although Yu et al.6 and Wang et al.8

proposed that this shift could be also due to electron defi-

ciency in gold, as a result of a possible transfer of electrons

to iron oxide. Interestingly, Shi et al.7 too observed a plas-

monic peak at 570 nm (i.e., considerably red-shifted from

520 nm) in comparable sizes of nanoparticles, but they ruled

out the charge-transfer hypothesis as they estimated that it

would require a 20% reduction of the gold free electron den-

sity to justify such shift.

We report here time-resolved spectroscopic measure-

ments on Au nanocrystals (10 nm diameter), Fe2O3 nanocrys-

tals (20 nm diameter), and on Au-Fe2O3 nanocrystal

heterodimers, with the aim to elucidate electron transfer proc-

esses at the Au-Fe2O3 interface in Au-Fe2O3 nanocrystals and

their influence on the plasmonic behavior of the Au domain.

In a typical heterodimer, the iron oxide shell was grown on a

gold nanocrystal seed and evolved upon annealing into an

asymmetric dumb-bell shape, as shown in Fig. 1. By compar-

ing the dynamics of Au-Fe2O3 heterodimers with that of Au

only and Fe2O3 only nanoparticles, we could safely exclude

any significant charge transfer from the gold domain to the

iron oxide domain in the heterodimers. Despite Au and Fe2O3

nanocrystals had been investigated quite extensively, to the

best of our knowledge, this is the first transient-absorption

study on Au-Fe2O3 nanocrystal heterodimers.

The various nanocrystals reported in this study were

synthesized following George et al.9 In particular, the gold/

iron oxide asymmetric heterodimers (20 nm) were prepared

by decomposing iron pentacarbonyl on gold nanocrystals via

high-temperature colloidal synthesis. The morphological

characterization of the particles was carried out via transmis-

sion electron microscopy (TEM) using a JEOL JEM 1001

microscope. In Fig. 1, we show a TEM image of the typical

gold/iron oxide heterodimers. The absorption spectra of the

nanocrystals were recorded in toluene using a Varian Cary

5000UV-vis-Near Infrared (NIR) spectrophotometer, with 1

cm quartz cells. Transient absorption experiments were per-

formed with a pump-probe setup based on a Ti:Sapphire

femtosecond laser (800 nm, repetition rate 1 KHz, and pulse

width 50 fs). The main beam was split into three parts: (1)

probe: 1 mW, 800 nm, (2) reference: identical to probe, and

(3) pump: 10 mW, 400 nm, obtained by frequency doubling

in a 0.2 mm thick Beta Barium Borate (BBO) crystal. Probe

spot size was 0.5 mm and energy fluence was 30 lJ/cm2.

FIG. 1. Transmission electron microscopy images of Au (left) and gold/iron

oxide nanocrystals (right).a)Electronic mail: alberto.comin@iit.it.
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The pump was chopped at 500 Hz and focused to 1 mm spot

in order to obtain 0.3 mJ/cm2 energy density on the sample.

The difference between the intensities of the transmitted

probe and reference beams was detected by a matched photo-

diode pair. The sample was loaded in a 1 mm quartz cuvette.

By comparing TEM images of the samples before and after

experiments, we verified that there was no sign of laser

induced melting or nanoparticle aggregation.

Steady state absorption spectra of the three samples are

reported in Fig. 2. Iron oxide exhibits a featureless spectrum,

characterized by increasing absorption for photon energies

above the c-Fe2O3 band-gap (2.0 eV equivalent to 611

nm).10–12 The spectrum of gold nanocrystals shows a plas-

monic resonance at 525 nm. The position of the peak is

known to depend on several factors, such as the density of

the conduction electrons and the nanoparticles surrounding

medium, as described by the Mie theory.13 For wavelengths

shorter than 540 nm, inter-band 5d ! 6s transitions become

more significant.14 The gold plasmon peak in the sample of

gold/iron oxide heterodimers is significantly red-shifted with

respect to that of the sample of gold only nanoparticles (Fig.

2), which is in agreement with several reports.5,15,16 A

change of the dielectric function of the environment around

the gold nanocrystals can clearly induce such a shift, in ac-

cordance with Mie theory.13 Under the dipolar approxima-

tion, the absorption cross section of a spherical particle,

whose size is much smaller than the wave-length of the inci-

dent light, has a resonance given by Re½eðkÞ� ¼ �2emedia

¼ �2n2
media. This means that already by changing solvent

from water (nmedia¼ 1.33) to toluene (nmedia¼ 1.50),17

we can expect a shift of the plasmon peak from 522 nm to

536 nm. Since the dielectric permittivity of iron oxide

(nmedia¼ 2.6) (Ref. 18) is higher than that of toluene, even

larger shifts are expected. In the present case, we modeled

for simplicity the heterodimers as core-shell particles with

effective coating thickness teff. We used wavelength depend-

ent complex refractive indexes for both gold and iron oxide19

and a wavelength dependent real refractive index for toluene.

We found that an effective thickness of 3 nm for the iron ox-

ide shell on gold could account for the observed red-shift.

However, to match precisely the measured plasmonic fre-

quency, computation approaches based of finite elements or

T-matrix method20 would be required.

An alternative explanation for the shift in the gold plas-

mon peak has been proposed by Daniel and Astruc21 Since

in the dipole approximation the plasmon frequency is pro-

portional to the square root of the free-electron density, the

transfer of an electron from the gold domain to iron oxide

domain could also explain the observed red shift in the heter-

odimers. By using Mie theory, we estimated that about 6%

of the free electrons should transfer from gold to iron oxide

in order to cause the observed red-shift, that is, from 525 nm

to 542 nm. It can be noted that the fraction of the atoms

which resides on the particle surface can be estimated by the

following relationship:22 P¼ 4/N�1/3 � 100, where N is the

total number of atoms of the particle. According to this for-

mula, for a 10 nm diameter gold nanocrystal, about 13% of

the atoms resides at the interface,22 where the gold electrons

could be trapped by many Fe3þ defect states.23 Therefore,

the sole analysis of static absorption spectra cannot explain

the origin of the plasmon red-shift in dimers.

In Figs. 3 and 4, we report the transient absorption

curves for gold, iron oxide, and gold-iron oxide dimers. Both

figures contain the same data, plotted in different time ranges

in order to illustrate the short and long dynamics. To quan-

tify the relevant time scales, the data were analyzed in two

steps. First, we fitted the 0–20 ps interval using a linear com-

bination of two exponentials, then we fitted the full time

range using a triple exponential with the first two time con-

stants fixed as parameters.

The experimental conditions were identical for all sam-

ples. The nanocrystals were dissolved in toluene (relatively

low optical density: 0.02 at 800 nm). At short time delays, the

Au pump-probe signal (Fig. 3(a)) could be modeled by a sin-

gle exponential decay with time constant 1.1 6 0.1 ps, which

matches the known value for the electron-phonon coupling

FIG. 2. UV-vis spectra of the Au (solid line), Au-Fe2O3 dimers (dotted

line), and Fe2O3 nanoparticle (dashed line) dispersed in toluene.

FIG. 3. Transient absorption traces of 10 nm gold (a), 20 nm iron oxide (b),

and gold/iron oxide heterodimers (c).
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time.24,25 The error-bar was determined as standard deviation

of fitted decay constants from multiple experiments.

The transient absorption signal for the iron oxide only

nanoparticles is reported in Figs. 3(b) (short time range) and

4(a) (long time range). The excitation beam at 400 nm cre-

ates a hot-electron population which rapidly relaxes to the

bottom of the conduction band (about 100 fs) via electron-

electron scattering. However, according to Cherepy et al.,23

the pump-probe signal at this time scale does not reflect the

conduction electrons dynamics but rather a fast electron trap-

ping. Recombination of the excited carriers can happen ei-

ther radiatively or not-radiatively via mid-gap defect states.

In c-iron oxide nanocrystals, the non-radiative channel is

dominant, because of the numerous trap states present, as

confirmed by the very low florescence quantum yield of

these particles.23 Our data could be well fitted by a combina-

tion of three exponentials, with s1¼ 120 6 50 fs, s2¼ 4 6 1

ps, and s3 > 100 ps, which agrees with what observed by

Cherepy et al. in Fe2O3 nanocrystals (NCs).23

In Figs. 3 and 4, we report transient absorption measure-

ments on gold/iron oxide dimers. In principle, the dynamics

should represent a super-position of Au and Fe2O3 signals,

modified by the mutual interactions. By fitting the data with

a triple exponential decay function, we found s1¼ 100 6 30

fs, s2¼ 3 6 1 ps, and s3¼ 90 6 20 ps. It can be seen that

short-time decay constants of dimers and iron oxide single

particles are very similar. This means that the dynamics is

dominated by the iron oxide domain, with a negligible inter-

action between the iron oxide and Au domains, and that there

is a negligible charge transfer at the interface. Since the iron

oxide dynamics on the picosecond time scale is dominated

by defect states,23 it can be expected that electrons coming

from gold domain would partly saturate these defects, modi-

fying the relaxation time-constants. As this effect was not

observed, there was no evidence of significant electron trans-

fer between gold and iron oxide. We are therefore able to

confirm that the red-shift in the absorption spectra in Au-

Fe2O3 dimers is not caused by electron deficiency in gold,

but is a dielectric effect induced by the presence of iron ox-

ide as surrounding media. Further studies are however

needed to quantify the amount of Fe3þ defect states in iron

oxide nanocrystals. It is conceivable that, should their num-

ber be too high, the saturation effect caused by the gold elec-

trons would be too small to be observed in the present

experimental conditions.

In conclusion, we investigated colloidal nanocrystal het-

erodimers composed of gold and iron oxide domains by fem-

tosecond transient absorption measurements to verify the

proposed hypothesis of charge transfer between gold and

iron oxide. We compared the relaxation dynamics of the het-

erodimers with that of gold only and iron oxide only nano-

crystals. We found that the fitted decay time constants of the

dimers were very similar to those of the iron oxide nanopar-

ticles, which allowed us to exclude a significant charge trans-

fer at the Au-Fe2O3 interface.
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