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Magnetic Properties of Thiol-capped Gold Nanoparticles

Sungwon Yoon, K. H. Han and B. J. Suh∗

Department of Physics, The Catholic University of Korea, Bucheon 420-743, Korea

Z. H. Jang

Department of Physics, Kookmin University, Seoul 136-702, Korea

J. H. Kim and D.-Y. Jung

Department of Chemistry, Sungkyunkwan University, Suwon 440-746, Korea

(Received 29 December 2011, in final form 9 February 2012)

We present the experimental results of magnetization measurements on thiol-capped gold
nanoparticles (Au-SR NPs) synthesized in a two-phase liquid-liquid system. The size of particles
ranged from 2.0 to 3.5 nm with an average size of 2.8 nm. The magnetic properties of Au-SR
NPs were characterized by a mixture of ferromagnetic, paramagnetic and diamagnetic components.
Magnetization curves showed the hysteresis behavior typical of a ferromagnet over the whole tem-
perature (T ) range investigated (2 K to 300 K) whereas M(H) did not saturate, not even at low T ,
implying the existence of a paramagnetic component. The negative slope of M(H) observed at high
T demonstrated that a diamagnetic component was also considerable. From a theoretical fit, we ob-
tained effective values of parameters such as the paramagnetic effective moment, µp = 5.7 µB, and
the diamagnetic susceptibility, χd = −1.7 × 10−7 emu/gOe. In addition, the T -dependence of the
ferromagnetic component Mf(T ) was extracted from the experimental M(T ), and its characteristics
are discussed in the light of the mean field model.
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I. INTRODUCTION

Metallic nanoparticles (NPs) have attracted attention
due to the possibility of investigating novel electronic
and magnetic properties at the nanoscale level [1, 2].
In addition, the recent success in synthesizing monodis-
persed NPs [3–5] has allowed the systematic study of
new physics at the nanoscale level which is sensitive to
the size of nanoparticles [6–9].

Bulk gold is well known as a typical diamagnetic no-
ble metal with a susceptibility χ = −1.4×10−7 emu/gOe
[10] because the density of states of the d band at the
Fermi level is not enough to promote noticeable Pauli
paramagnetism [6,11]. In Au NPs, as the size decreases,
the lattice contracts and the d holes have been observed
to decrease with respect to those of bulk Au [7, 8, 12].
Magnetically, Au NPs exhibit either diamagnetism [9]
or superparamagnetism [6], which depends on the cap-
ping materials and/or the particle size. Among them are
Au NPs capped with strongly interacting thiols (Au-SR
NPs), where a noticeable increase in the number of holes
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in the 5d band has been observed [7–9]. In Au-SR NPs
with a sufficiently small size (�1.4 nm), the lattice ex-
pansion has been reported, and an astonishing ferromag-
netic behavior has been observed [9].

Motivated by the discovery of ferromagnetism in Au-
SR NPs [9], we have carried out a comprehensive inves-
tigation on the magnetic properties of Au-SR NPs. The
study includes the effects of size on the magnetic prop-
erties. In fact, we have intentionally synthesized Au-SR
NPs samples with a size different from that (1.4 nm) in
Ref. 9 by controlling the ratio of gold to sulfur. In this
paper, we present experimental magnetization measure-
ments for Au-SR NPs with an average size of 2.8 nm.
Apparently, the subject sample is characterized by a
mixture of diamagnetic, paramagnetic and ferromagnetic
components. The effective values characterizing the mag-
netic properties, such as the diamagnetic susceptibil-
ity, the effective paramagnetic moment and the satura-
tion magnetization of the ferromagnetic component, have
been obtained from a theoretical analysis, and are com-
pared with the corresponding values reported previously
[6,9].
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Fig. 1. (Left) TEM image of thiol-capped gold nanoparti-
cles. (Right) the corresponding histogram of the size distri-
bution.

II. EXPERIMENTS

Thiol-capped gold nanoparticles (Au-SR NPs) have
been synthesized in a well-known two-phase liquid-liquid
system [3]. During the preparation process, the mixing
ratio of gold to sulfur has been maintained as 3 to 1. In
Fig. 1, the TEM image and size distribution histogram
of the prepared samples are shown. The sizes of the
particles are distributed from 2.0 nm to 3.5 nm with an
average size of 2.8 nm.

In an Au particle with a size of 2.8 nm, the total num-
ber of Au atoms is estimated to be ≈ 700 for a Au-Au
bond length of 2.86 Å [7], and a packing fraction of 0.74
for a fcc structure [13], which is about an order of mag-
nitude larger than that in a 1.4-nm-size Au particle with
the Au-Au bond length of 2.98 Å [9]. In addition, the
Au-S coordination number is estimated to be ≈ 0.5 for a
2.8-nm sample, quite smaller than the 0.75 for a 1.4-nm
sample [9]. If the magnetic moment µeff is assumed to ex-
ist only on the Au atom bound to an S and to be indepen-
dent of the particle size, the average effective magnetic
moments per Au atom should be µavg � 0.75µeff and
0.50µeff for 1.4-nm and 2.8-nm-size samples, respectively;
hence, the ratio [µavg(2.8 nm)/µavg(1.4 nm)] � 2/3 for
any unit system.

Magnetization measurements have been performed on
the prepared powder sample suspended in eicosane by
using a superconducting quantum interference device
(SQUID) magnetometer down to T = 1.8 K with mag-
netic fields up to 7 T. All the magnetization data shown
below have been corrected for the diamagnetic back-
ground from the eicosane and the sample holder.

III. RESULTS AND DISCUSSION

Figure 2 shows the magnetization as a function of tem-
perature, M(T ), measured at H = 1 kOe and a represen-
tative hysteresis curve at T = 1.8 K. The observations
that M(T ) approaches a finite non-zero value with in-
creasing T and the hysteresis behavior exists over entire

Fig. 2. (Color online) (a) Temperature dependence of mag-
netization measured at H = 1 kOe [O] and the calculated
values of [M(T ) − Mf(T )] as described in the text [�]. (b)
Representative hysteresis curve at T = 1.8 K with a coercive
field of Hc � 140 Oe.

temperature range investigated are the clear evidence for
the existence of a ferromagnetic component with Tc much
higher than room temperature, which agrees with the
observation in Au-SR NPs [9]. However, we like to note
that the coercive field, Hc � 140 Oe, and the magneti-
zation values observed here are much smaller than the
corresponding values obtained previously in the 1.4-nm
Au-SR NPs [9].

On the other hand, as shown in Fig. 3(a), the magne-
tization as a function of the field, M(H), is never satu-
rated, not at any T ; rather, M(H) gradually increases
with increasing field at low T and decreases with in-
creasing field at high T . This is strongly indicative of
the co-existence of paramagnetic and diamagnetic com-
ponents. Therefore, we can conclude that the subject
sample (Au-SR NPs with an average size of 2.8 nm) is a
mixture of ferromagnetic, paramagnetic and diamagnetic
components.

The magnetization for a mixture of ferromagnetic,
paramagnetic and diamagnetic components can be ex-
pressed as [13]

M(H,T ) = Mf(H,T ) + χdH

+M0
p

[
coth

(
µpH

kBT

)
− kBT

µpH

]
, (1)
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Fig. 3. (Color online) (a) Field dependence of the mag-
netization M(H) at various temperatures. (b) Temperature
dependence of the slope of M(H) at H = 5 T. Curves are
theoretical fits using Eq. (2) as described in the text. The
black solid curve is the best fit with M0

p = 0.037 emu/gAu,
µp = 5.7 µB, and χd = −1.7 × 10−7 emu/gOe. The dotted
and the dashed curves with µp = 7.0µB and µp = 3.0µB,
respectively, are plotted together for comparison.

where the unit for the effective paramagnetic moment
µp is the Bohr magneton µB and the diamagnetic sus-
ceptibility χd is assumed to be independent of T . For a
sufficiently high field, the contribution of a ferromagnetic
component to the magnetic susceptibility is zero because
Mf(H,T ) is saturated to a constant value at high H.
Therefore, the partial derivative of the total M(H,T )
with respect to H (i.e., the magnetic susceptibility) at
high H can be written without any ferromagnetic com-
ponent as

∂M(H,T )
∂H

= χd+M0
p

⎡
⎣ kBT

µpH2
− µp

kBT

1

sinh2
(

µpH
kBT

)
⎤
⎦ .

(2)

Figure 3(b) shows the temperature dependence of the
slope extracted from the experimental M(H) at high H
(H = 5 T) and representative theoretical fits of the
data using Eq. (2). As shown in Fig. 3(b), the best
fit is obtained with the saturation magnetization of the
paramagnetic component being M0

p = 0.037 emu/gAu,

Fig. 4. (Color online) Temperature dependence of the fer-
romagnetic magnetization extracted from the experimental
M(T ) at H = 1 kOe as described in the text. The dash-dot

curve is a fit to the Bloch T 3/2 law: ∆M
M(0)

= CT 3/2 with

C = 2.3 × 10−5 K−3/2. The dashed curve is a fit to the
mean field model [Eq. (3)] with M0

f = 3.5 × 10−3 emu/gAu
and Tc = 850 K.

the effective paramagnetic moment being µp = 5.7 µB,
and the diamagnetic susceptibility being χd = −1.7 ×
10−7 emu/gOe. The value of χd is very close to the
value of χ = −1.4× 10−7 emu/gOe for bulk Au [6,9]. In
Au-SR NPs with an average size of 2.8 nm, the size is not
small enough to have an influence on the magnetic prop-
erties; hence, the majority of particles seem to remain
in the bulk state although no strong argument can be
made due to the lack of information on the diamagnetic
susceptibility of the capping materials.

As previously reported, the obtained value of µp =
5.7µB is taken into account as the superparamagnetic
moment of a particle because it is too big for the moment
of an individual Au atom considering the ∼ 0.07 e/atom
charge transfer in Au-SR NPs [9]. If the superpara-
magnetic moment of 5.7µB exists on all the particles,
the average moment per Au atom is ≈ 5.7

700µB; conse-
quently, the saturation magnetization is estimated to be
Ms ≈ 0.23 emu/gAu, which is about six times larger
than the observed value of M0

p = 0.037 emu/gAu. This
implies that only about 1/6 of the particles are param-
agnetic, so the majority still remain in the diamagnetic
bulk state.

We now turn to discuss the characteristics of the fer-
romagnetic component. Using Eq. (1) and the fitting
values of M0

p , µp, and χd, the values of [M(T )−Mf(T )]
at H = 1 kOe have been calculated as shown in Fig. 2.
The ferromagnetic magnetization Mf(T ) has been, then,
extracted by subtracting the calculated [M(T )−Mf(T )]
from the experimental M(T ). As shown in Fig. 4, the
extracted values of Mf(T ) are in good agreement with
the Bloch T 3/2 law (dashed curve), which is typical for a
ferromagnet [13]. For better understanding of the ferro-
magnetic component, we have applied a mean field model
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[13,14] as shown in Fig. 4 as a dashed curve:

Mf(H,T )
M0

f

= coth
[
µf(H + λMf)

kBT

]
− kBT

µf(H + λMf)
. (3)

The dashed curve is the best fit with the saturation
magnetization M0

f = 3.5 × 10−3 emu/gAu and the
anomalously-high critical temperature Tc = 850 K.
The existence of a ferromagnetic component with Tc

much higher than room temperature is strongly evident,
supporting previous observation [9], However, consider-
ing the ratio [µavg(2.8 nm)/µavg(1.4 nm)] � 2/3, we
would like to note that the obtained value of M0

f =
3.5 × 10−3 emu/gAu is too small, only 3% of the value
∼ 1.0 emu/gAu reported in 1.4-nm Au-SR NPs [9].

IV. CONCLUSIONS

In summary, we have presented experimental results
of magnetization measurements on Au-SR NPs with an
average size of 2.8 nm. The magnetic properties were
characterized by using a mixture of a diamagnetic com-
ponent with χd = −1.7 × 10−7 emu/gOe, a paramag-
netic component with µp = 5.7 µB and a ferromagnetic
component with Tc = 850 K. In addition, fractions of
the paramagnetic (≈17%) and the ferromagnetic (�3%)
components were small, and most of the particles re-
mained in the diamagnetic bulk state. This implies that
the magnetic properties are strongly sensitive to the size
of the particles. The average size of 2.8 nm appears to
be too big to have an influence on the magnetic proper-
ties, and particularly for ferromagnetism, it seems that
the size of the particles in Au-SR NPs should be smaller
than a certain value (≈1.5 nm).
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