
UC Davis
UC Davis Previously Published Works

Title
Characterization and magnetic properties of core/shell structured Fe/Au nanoparticles

Permalink
https://escholarship.org/uc/item/16j48009

Journal
Journal of Applied Physics, 95(11)

ISSN
0021-8979

Authors
Cho, S J
Kauzlarich, Susan M
Olamit, J
et al.

Publication Date
2004-06-01
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/16j48009
https://escholarship.org/uc/item/16j48009#author
https://escholarship.org
http://www.cdlib.org/


JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 11 1 JUNE 2004
Characterization and magnetic properties of core Õshell structured
FeÕAu nanoparticles
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~Presented on 7 January 2004!

Au-coated Fe nanoparticles have been prepared by using a reverse micelle method through
reduction of an aqueous solution. Characterizations have been carried out over time to probe the
oxidation of Fe. Immediately after synthesis, the samples exhibit metallic conduction and a negative
magnetoresistance, consistent with the presence ofa-Fe. The temperature dependence of
magnetization displays a maximum at a blocking temperature of around 150 K. After a period of 1
month, the samples exhibit insulating behavior, indicating the oxidation of the Fe core. Mo¨ssbauer
spectroscopy indicates the presence of ana-Fe component and a broad distribution of local
environments. ©2004 American Institute of Physics.@DOI: 10.1063/1.1676033#
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Magnetic nanoparticles exhibit a rich variety of intere
ing phenomena, such as single-domain state, coercivity
hancement, and quantization of spin waves, due to t
small dimensions.1 They have exciting potential application
in magnetic recording, sensing, and biological diagnosis.2,3A
more sophisticated structure is a core/shell configura
where the magnetic core is coated by a shell layer. For
ample, there has been a lot of recent interest
Fe3O4/polymer, Fe/Au, and Fe/Fe-oxide core/sh
structures.4–6 Such structures are not only ideal for studyi
proximity effects, but are also suitable for structure stab
zation, as the shell layer protects the core from oxidation
corrosion. Additionally, the shell layer provides a platfor
for functionalization, such as coupling the magnetic co
through the shell onto organic surfaces or other surfaces

The combination of Fe core/Au shell is particularly a
pealing because Au is not ferromagnetic, but is noble
relatively easy to functionalize. Initial studies on Fe/Au co
shell nanoparticles have been reported by Carpenter, San
gorio, and O’Connor.7 However, some recent x-ray absor
tion spectroscopy studies have shown that such parti
often consist of oxidized Fe cores.8,9 A key question is
whether the oxide forms during or after the synthesis p
cess. Independent evaluation suggests that the Fe/Au n
particles may not be prepared via the reduction route in
reversed micelle circumstances.10 Thus, direct verifications
of the Fe/Au core/shell structure over time, particularly t
Fe core size and chemical states, are crucial.

In this study, we report the synthesis of Au-coated
nanoparticles using a reverse micelle technique, and cha

a!Author to whom correspondence should be addressed. Electronic
smkauzlarich@ucdavis.edu
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terizations of their properties immediately after synthesis
well as after an extended period of time. The core/shell str
ture has been illustrated by transmission electron microsc
~TEM!. The existence of Fe cores is manifested in the blo
ing behavior and electrical transport properties. The chem
states of the Fe have been probed by Mo¨ssbauer spectros
copy.

The Fe/Au nanoparticles were synthesized by modify
previously reported techniques.4,7,8,11–13It was carried out in
a reverse micelle reaction under Ar, utilizing Schlenk li
techniques. Cetyltrimethylammonium bromide, 1-butan
and octane were used as the surfactant, the co-surfactant
the oil phase, respectively. The nanoparticles were prep
in aqueous solutions of micelles by reduction of Fe~II ! with
NaBH4, and then of Au~III ! with NaBH4. The NaBH4 con-
centration, timing of various steps, and prevention of air c
tact appeared to affect the resulting particle size. After p
cipitation, the nanoparticles were collected with a magn
rinsed to remove the surfactant, and dried under vacuum

Initial characterizations on the as-made samples w
performed within a few days after synthesis. Structural ch
acterizations have been carried out by x-ray diffraction. T
pological and chemical analyses have been performed b
Philips CM-12 TEM at 100 keV. Magnetic properties ha
been measured on a Quantum Design superconducting q
tum interference device~SQUID! magnetometer. Tempera
ture dependence of the magnetization has been measure
ter zero-field cooling~ZFC! and field cooling~FC! in a 100
Oe field. For electrical transport studies, the nanopartic
were cold pressed into a 6 mm dieunder a 23107 Pa pres-
sure for 10 min to form pellets. Electrical leads were
tached by silver paint. Magnetoresistance was measured
K on pressed pellets.
il:
4 © 2004 American Institute of Physics
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The chemical states of the Fe were probed by Mo¨ssbauer
spectroscopy at 90 and 295 K on a constant-accelera
spectrometer, approximately 1 month after synthesis.
spectrometer utilizes57Co in a rhodium matrix and has bee
calibrated at room temperature with ana-iron foil.

On the as-made samples, x-ray diffraction confirms
presence of the Fe and Au phases~Fig. 1!, consistent with
previous reports.4,7–9 A TEM image of the Fe/Au nanopar
ticles is shown in the inset of Fig. 1. The typical size of t
nanoparticles is about 20 nm. The existence of Fe and A
again confirmed by energy dispersive x-ray microanalysi

The temperature dependence of the magnetization
taken within 24 h of sample preparation and is shown in F
2. The ZFC curve displays a broad maximum correspond
to blocking behavior at;150 K; above this temperature th
particles are superparamagnetic. This blocking tempera
is much higher and indicates a larger Fe core size than
previously reported.4,7,9,11The magnetic hysteresis loop at
K is shown in the inset, with a coercivity of 240 Oe. Th
magnetization value is obtained by dividing the magne
moment by the total mass of the Fe/Au nanoparticles.
extrapolating the linearM -H slope at high fields toH50,

FIG. 1. X-ray diffraction pattern and transmission electron microgra
~TEM! of Fe/Au nanoparticles.

FIG. 2. Temperature dependence of magnetization of the Fe/Au nano
ticles measured in a 100 Oe field, after ZFC and FC. The inset shows
magnetic hysteresis loop at 5 K, normalized to the mass of the Fe/Au n
particles.
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we have obtained a saturation magnetization of appro
mately 17 emu/g. The remanent magnetization is 2.84 em

Due to the small size of the magnetic particles, the th
mally assisted magnetization reversal process can be
scribed by 1/t5 f 0e2KV/kBT,14 where K is the anisotropy
constant,V is the magnetic particle volume,f 0 is the fre-
quency factor of 109/s, andt is the relaxation time~30 s in
the SQUID measurement!. If the magnetic contribution is al
from bulklike Fe, for a 150 K blocking temperature, we c
estimate a Fe core size to be about 12 nm. Thus, the co
sponding volume percent of the Fe core in the total 20
Fe/Au assembly is 21.6 vol %. The saturation magnetiza
of the Fe core, corrected for the Fe volume fraction, wo
be ;152 emu/g.

Electrical transport properties have been measured
compact pellets of these nanoparticles. The resistance
creases slightly with decreasing temperature@e.g., from 0.73
V at 300 K to 0.60V at 5 K, as shown in Fig. 3~a!#. This
positive temperature coefficient of resistance is a signatur
metallic conduction, in contrast to the negative temperat
coefficient and thermally activated behavior seen in pel
of iron oxide nanoparticles.15,16Thus, the core-shell sample
are still metallic right after synthesis.

At 5 K, the resistance decreases in a magnetic field,
sulting in a negative magnetoresistance~MR!. The MR, de-
fined as@R(H)2R(0)#/R(0)5DR/R(0), is about20.17%
in a field of 40 kOe@Fig. 3~a! inset#. The negative MR is the
giant magnetoresistance effect caused by spin-depen
scattering, similar to those seen in magnetic granu
solids.17 In the pellet of Fe/Au nanoparticles, the Fe cor
serve as magnetic scattering centers. In zero magnetic

h

ar-
he
o-

FIG. 3. Temperature dependence of resistance of pressed pellets of F
nanoparticles in zero magnetic field measured~a! immediately after synthe-
sis and ~b! 1 month after synthesis. The inset shows the correspond
magnetoresistance of the pellet at 5 K.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the orientation of the magnetization of each Fe core is r
dom, resulting in a spin-disordered state. The application
magnetic field helps to align all the Fe core moments a
reduces the spin disorder. This, in turn, reduces the s
dependent scattering and leads to a reduction in resista
hence the negative MR.

The sample oxidation status was measured agai
month after synthesis by Mo¨ssbauer spectroscopy to prob
the chemical states of the Fe core. The spectra for the sa
at 295 and 90 K are shown in Fig. 4. The presence o
metallic Fe component with a reduced hyperfine field an
broad distribution of local environments is apparent. T
spectra indicate the presence of;11% of magnetic Fe with
hyperfine parameters that correspond to those ofa-Fe, and
;41% of a broad component that presumably correspond
an alloy of Au and Fe with a broad distribution of Fe site
i.e., Fe sites with a large variation in the number of Fe a
Au nearest neighbors.18 There is also;16% of high-spin
Fe~II ! and ;32% of high-spin Fe~III ! present. No appre
ciable Fe-oxide phases were seen in x-ray diffraction patte
of these samples, measured within 24 h as well as 1 mo
after synthesis. However, the oxidation is manifested in
electrical transport properties. For a similarly prepared pe
of such oxidized nanoparticles~after a month-long exposur
to air!, the resistance values are much larger, accompa
by a negative temperature coefficient~from 10 MV at 300 K
to 26 GV at 150 K, measured by a Keithley 617 electrome
with a 200 GV impedance! and a thermally activated behav
ior at high temperatures@Fig. 3~b!#.

Therefore, our experiments demonstrate that metallic
cores are indeed formed after the chemical reduction p
cesses@also confirmed by a comparison where chemical

FIG. 4. Mössbauer spectra of Fe/Au nanoparticles obtained at 295 and 9
The inset shows the proposed model. The spectral components area-Fe,
Fe/Au alloy, paramagnetic Fe~II !, and paramagnetic Fe~III !, as marked in the
graph.
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ductions of only Fe~II !, without the Au~III ! reduction, pro-
duce barea-Fe particles#. In the core/shell systems, a
additional Fe/Au alloy, and finally an Au layer, are forme
Over time the Fe core oxidizes and the Mo¨ssbauer measure
ment confirms this. The Au shell does not protect the Fe c
completely from oxidation. The Mo¨ssbauer measurement
the first direct evidence of Fe core in samples prepared
this method.8–10

In summary, we have synthesized and characterized
coated Fe nanoparticles. The temperature dependenc
magnetization displays a broad maximum at a blocking te
perature of about 150 K, above which the sample becom
superparamagnetic. Metallic conduction has been obse
in a pressed pellet of the Fe/Au nanoparticles. A nega
giant magnetoresistance effect has been observed as th
cores serve as scattering centers for the electrical trans
These results, which were obtained right after the synthe
are consistent with a metallica-Fe core. However, the Mo¨ss-
bauer studies performed 1 month later confirm that oxidat
occurs over time, indicating that the Au shell does not c
the entire Fe core outer surface or that the Au shell is p
meable to oxygen. They suggest the initial presence of an
core and the Fe/Au structure, and subsequently the oxida
of the structure to Fe/Fe~II !/Fe~III ! and Au.

This work has been partially supported by the Ministe`re
de la Région Wallonne~115012!, the National Science Foun
dation~DMR-0120990 and CHE-0210807!, and U. C. Davis
~FRG!. The authors thank Raphae¨l Hermann for his technica
contribution, and Peter Klavins and Xiangdong Zhu for he
ful discussions.

1For a recent review, see, e.g., J. I. Martı´n, J. Nogue´s, K. Liu, J. L. Vicent,
and I. K. Schuller, J. Magn. Magn. Mater.256, 449 ~2003!.

2C. Roos, Ann. Rev. Mater. Res.31, 203 ~2001!.
3S. Sun, C. B. Murray, D. Weller, L. Folks, and A. Moser, Science287,
1989 ~2000!.

4J. Lin, W. Zhou, A. Kumbhar, J. Wieman, J. Fang, E. Carpenter, and C
O’Connor, J. Solid State Chem.159, 26 ~2001!.

5S. J. Cho, K. Liu, and S. M. Kauzlarich~unpublished!.
6P. Poddar, T. Fried, and G. Marlovich, Phys. Rev. B65, 172405~2002!.
7E. E. Carpenter, C. Sangregorio, and C. J. O’Connor, IEEE Trans. M
35, 3496~1999!.

8B. Ravel, E. E. Carpenter, and V. G. Harris, J. Appl. Phys.91, 8195
~2002!.

9T. Kinoshita, S. Seino, K. Okitou, T. Nakayama, T. Nakagawa, and T.
Yamamoto, J. Alloys Compd.359, 46 ~2003!.

10M. Chen, S. Yamamuro, D. Farrell, and S. Majetich, J. Appl. Phys.93,
7551 ~2003!.

11E. E. Carpenter, J. Magn. Magn. Mater.225, 17 ~2001!.
12C. J. O’Connor, V. Kolensnichenko, E. E. Carpenter, C. Sangregorio,

Zhou, A. Kumbhar, J. Sims, and F. Agnoli, Synth. Met.122, 547 ~2001!.
13W. Zhou, E. E. Carpenter, J. Lin, A. Kumbhar, J. Sims, and C.

O’Connor, Eur. Phys. J. D16, 289 ~2001!.
14B. D. Cullity, Introduction to Magnetic Materials~Addison-Wesley, Read-

ing, MA, 1972!.
15K. Liu, L. M. Zhao, P. Klavins, F. Osterloh, and H. Hiramatsu, J. App

Phys.93, 7951~2003!.
16L. Savini, E. Bonetti, L. Del Bianco, L. Pasquini, L. Signorini, M. Cois

son, and V. Selvaggini, J. Magn. Magn. Mater.262, 56 ~2003!.
17J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett.68, 3749~1992!.
18B. Window, Phys. Rev. B6, 2013~1972!.

K.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp




