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The design of molecular compounds that exhibit photo-
induced magnetization and magnetic transitions is one of the
main challenges in the field of materials science because of
their possible application to future optical memory and
switching devices. Photoinduced changes in magnetic order
have been studied extensively in a variety of systems,
including cyanometalate-based compounds,[1–3] LIESST
(light-induced excited spin-state trapping) compounds,[4–6]

diluted magnetic semiconductors,[7,8] and manganite films.[9]

Although interesting photomagnetic phenomena have been
reported in the above systems, most of the observations of
such phenomena have been limited to operation at very low
temperature. Other candidate systems that show photomag-
netic effects occur in hybrid materials of organic photo-
chromes and inorganic magnetic compounds whose magnetic
properties are relatively superior to those of conventional
compounds.[10–14] Based on such a strategy, a previous report
has demonstrated room-temperature reversible photocontrol
of ferromagnetic order in photochrome-modified FePt nano-
particles.[15] However, the occurrence of these photomagnetic
effects was limited to just the surface layers of the FePt
nanoparticles. Hence, the design and synthesis of a new class
of optically switchable magnetic compounds that exhibit both
large magnetization changes and ferromagnetic order even at
room temperature is still a challenging issue.

Herein we propose a novel strategy that focuses on the
two-dimensional ferromagnetism which appears “out of
nowhere” at the interfaces between organic–inorganic
hybrids such as self-assembled monolayer (SAM) films on
gold. In a number of recent papers, the occurrence of
ferromagnetism at Au–S interfaces has been observed.[16–19]

The ferromagnetism has been associated with Au 5d localized
holes that are the result of charge transfer from the Au surface

atoms to the S atoms of the organic ligands when forming the
Au�S bonds. Since charge transfer from Au to S atoms acts as
a “trigger” for the generation of ferromagnetism, the
magnitudes of the magnetic moments will vary with the
metal work functions. It is well known that the metal work
function is correlated with the surface dipole of organic layers,
which arises from the cooperative effect of intrinsic molecular
dipole moments.[20] Since the trans state and cis state of
azobenzene-derivatized thiols have opposite dipoles, they can
be used to decrease and increase the work function of gold,
respectively. As a consequence, the use of SAM-containing
photochromes grafted onto gold surfaces has been shown to
have great potential for the photocontrol of magnetic proper-
ties. Furthermore, reducing the volume of such materials
down to the nanometer scale will expose the local ferromag-
netic areas at the Au–S interfaces as explicit entities, which
will not only leads to enhancement of the magnetism, but also
opens the possibility that the magnetization could be control-
lable by photochromes with high efficiency. We now report
reversible photoinduced magnetization changes that were
observed in gold nanoparticles passivated with azobenzene-
derivatized ligands.

Figure 1 shows TEM images and size distribution histo-
grams for the AZ-passivated gold nanoparticles (AZ-Au

NPs) prepared by the modified Brust method.[21] The AZ-Au
NPs exhibit a narrow size distribution with an average size of
1.74 nm� 0.29 nm. The powder X-ray diffraction pattern of
the AZ-Au NPs (shown in the Supporting Information) is
consistent with a face-centered cubic crystal structure for Au

Figure 1. a) TEM micrograph of AZ-Au NPs deposited from a toluene
dispersion onto a collodion-coated copper grid; scale bar: 10 nm.
b) Size distribution of the AZ-Au NPs; the average was determined to
be 1.74�0.29 nm.
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with lattice constant a= 2.33 ?. The average particle size,
determined from the instrument-corrected width b using the
Scherrer relation (D=Kl/bcosq), is 1.8 nm, which is in good
agreement with the results from the TEM studies.

Figure 2a shows the X-ray absorption near-edge structure
(XANES) spectra of the Au L3 edge for both the AZ-Au NPs

and bulk Au (foil).[22] Typical XANES spectra of an fcc gold
structure exhibit patterns with three peaks within the first
40 eV above the edge. The first resonance at the threshold
(known as “white line”) associated with 2p3/2 to 5d5/2, 3/2 dipole
transitions probes the density of the unoccupied d states (d-
hole counts) at the Fermi level.[23] Although the 5d orbitals of
bulk Au are nominally full, a small concentration of itinerant
holes at the d band can be detected in the XANES spectra of
bulk Au owing to spd-level hybridization. In the case of the
AZ-Au NPs, a noticeable increase in the threshold resonance
was detected when compared to the bulk Au, indicating a loss
in 5d electron density owing to d-charge transfer from the
gold to the sulfur atoms.

The magnetization curves (M–H plots) measured at 300
and 5 K for AZ-Au NPs with an inset showing a magnified
view are shown in Figure 2b. Typical hysteresis loops with
coercivity (Hc) and remanent magnetization (Mr) were
observed even at 300 K. Similar observations were reported
for dodecanthiol-capped 1.4-nm Au nanoparticles.[17] The
values of Hc and Mr were 100 G and 0.031 emugAu

�1 at 300 K
and 200 G and 0.057 emugAu

�1 at 5 K.
The photoisomerization of AZ-Au NPs in the solid state

at room temperature was monitored by UV/Vis absorption
spectroscopy (Figure 3a). The spectrum of the initial state
gave an intense absorption peak at 360 nm, which is ascribed
to the p–p* transition in the trans isomer of the azo ligands.
After UV illumination of the trans isomer for 1 min, the
absorption at 360 nm decreased. After subsequent illumina-
tion with visible light, the absorption at 360 nm increased
again. After the second cycle, the cis–trans photoisomeriza-
tion was repeated without any attenuation of the area
between the curves. These reversible spectral changes indi-
cate high-efficiency reversible photoisomerization, even in
the solid state. Normally, photoisomerization of azobenzene-

containing compounds does not occur in the solid state
because of the large volume changes that are involved.[24] In
fact, photoisomerization also does not occur in the absence of
spacers when azobenzene-containing ligands are self-assem-
bled on two-dimensional gold films.[25] However, in the system
presented here, with an average particle diameter of 1.74 nm,
reversible photoisomerization was observed in the solid state
with high efficiency.

From the above observations, it is proposed that the
decrease in particle size provides free volume between each
of the AZ ligands because the adjacent angles between two
neighboring AZ ligands would be increased with decreasing
particle size. The average distance between two neighboring
nitrogen double bonds on the AZ ligands could be estimated
as 5.0 ? for an azobenzene-containing SAM, while it was
estimated as 13.0 ? for 1.74-nm particles (a schematic
illustration is available in the Supporting Information).

Another important aspect concerning the optical absorp-
tion spectra of AZ-Au NPs (Figure 3a) is the absence of any
surface plasmon resonance, which indicates the existence of
strong interactions between the surface gold atoms and the
adsorbate. These strong Au–S interactions make the 5d
electrons of the core gold nanoparticles behave as partially
localized holes that have lost itinerancy.[17,22] The above
observations are consistent with the observed d-charge trans-
fer derived from the results of the XANESmeasurements and
the observed ferromagnetism from the SQUID measure-

Figure 2. a) Au L3 edge XANES spectra for the AZ-Au NPs (solid line)
and gold foil (dashed line). b) Plot of magnetization M versus applied
magnetic field H at 300 K (open circles) and at 5 K (filled circles). The
inset shows a magnified view with low field and low magnetization
scales.

Figure 3. a) Changes in the optical absorption spectra for AZ-Au NPs
as a result of photoisomerization. The initial trans state (solid line)
was first illuminated with UV light for 1 min (dashed line). It was then
illuminated with visible light for 1 min (dotted line). b) Changes in
magnetization by photoillumination at 300 K; the AZ-Au NPs were
alternately illuminated with UV and visible light for 1 min each at
300 K under an external magnetic field of 5 T. c) Changes in magnet-
ization by photoillumination at 5 K; the AZ-Au NPs were alternately
illuminated with UV and visible light for 1 min each at 5 K with an
external magnetic field of 5 T. d) Changes in magnetization curves at
5 K; plot of magnetization M versus applied magnetic field H for the
trans state (open circles) and for the cis state (filled circles).
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ments. After all, reducing the particle size to 1.74 nm
enhances not only the magnetic properties, but also the
photoisomerization efficiency of AZ-Au NPs.

Subsequently, we investigated the influence of photo-
illumination on the magnetic properties of AZ-Au NPs at
300 K (Figure 3b). During the UV illumination, the initial
magnetization value under an applied field of 5 T decreased
from 0.24 to 0.18 emugAu

�1. Even after the illumination was
stopped, the decreased magnetization value was maintained
for several hours at room temperature. The very slow
recovery of the magnetization could be due to the cis-to-
trans thermal back-isomerization of the AZ moiety. We then
illuminated the AZ-Au NPs with visible light, and the
magnetization value increased from 0.18 to 0.24 emugAu

�1.
After this process, the UV-light-induced decrease and the
visible-light-induced increase in magnetization were repeated
without any attenuation. The photoinduced changes in the
magnetization values were estimated to be about 27%. We
also observed such photoinduced magnetic transitions in the
AZ-Au NPs even at 5 K with almost the same efficiency of
about 25% (Figure 3c). Because the thermal back-isomer-
ization of the AZ ligands did not occur at low temperature, we
also observed significant changes in the magnetization curves
at 5 K (Figure 3d).

As mentioned above, in Au NPs, the apparent ferromag-
netism is associated with 5d localized holes in the 5d shell that
are generated through Au�S bonding. The magnetic ordering
is not due to the large exchange interaction, but rather is due
to extremely high local magnetic anisotropy (estimated to be
as high as 1 I 108 ergcm�3), which blocks the moments from
switching, resulting in very high TB (blocking temperature)
values in Au NPs.[17] From the saturated magnetization value
of the AZ-Au NPs under an applied field of 5 T at 5 K, an
estimation of the lower limit value of the magnetic moment of
the gold atoms is straightforward. The values of
the magnetic moment per Au atom bound to
sulfur in the trans state and the cis state are
estimated to be 0.033mB and 0.024mB, respectively.
In a recent report concerning an XMCD (X-ray
magnetic circular dichroism) study of thiolated
gold clusters, a considerable orbital magnetic
moment of the Au 5d electrons was indicated,
and the ratio of the orbital magnetic moment to
the spin magnetic moment was estimated to be
12%.[18] Therefore, the lower limit value of the d-
hole counts per Au atom bound to sulfur in the
trans state and the cis state are estimated as to be
about 0.0039 and 0.0027 eatom�1, respectively.
This result clearly suggests that the d-charge loss
of about 0.0012 eatom�1 was decreased in the case
of the cis state, that is, the charge transfer fromAu
to S could be reversed with trans-to-cis photo-
isomerization.

These phenomena are also consistent with the
reported cooperative effect of organic molecules
in the electron transfer between a metal substrate
and organic layers. In such organic–inorganic
interfaces, charge transfer acts to reduce the
dipole–dipole interaction between molecules but

may either decrease or increase the molecule-to-surface
dipole moment.[26] The change in the work function is related
to the dipole moment density perpendicular to the surface
through the relationship given in Equation (1).[26]

DF ¼ mN cosq
ee0

ð1Þ

In other words, the magnitude of the electron transfer to
the organic layer becomes smaller for adsorbates with
electronegative end groups, while it becomes larger for
adsorbates with electropositive end groups. In fact, exper-
imental evidence for such changes in the magnitude of the
electron transfer from gold to the adsorbates has been
reported previously.[27]

In the system presented here, the values of mcosq for the
AZ ligands were calculated as �0.20 D (D=Debye) for the
trans state and 2.74 D for the cis state, meaning that the sign of
the work function change would be negative for the trans state
and positive for the cis state.[28] Hence, the magnitude of
electron transfer in the initial trans state becomes smaller in
the cis state under UV illumination, and it recovers to its
initial value under illumination with visible light. Schematic
illustrations of the changes in the work function resulting
from the photoisomerization of AZ are shown in Figure 4. As
a consequence, the magnetization values could be controlled
by employing alternating photoillumination with UV and
visible light, as caused by changes in the d-charge loss owing
to the photoisomerization of AZ ligands.

In conclusion, we have designed azobenzene-passivated
ferromagnetic gold nanoparticles whose magnetic moments
are localized at the organic–inorganic interfaces. The mag-
netic properties of these compounds could be controlled by
alternating photoillumination with UVand visible light in the

Figure 4. Schematic illustrations of changes in the work function resulting from
photoisomerization of AZ; left: schematic energy-level diagrams for an untreated
interface (without surface passivation); middle: passivation of trans-AZ imposes an
interface dipole that decreases the local vacuum energy level (Evac); right: photoiso-
merization to cis-AZ imposes an interface dipole that increases the local vacuum
energy level (Evac). mper is the vertical component of the surface dipole, FM is the
metal work function, and Fe is the electron injection barrier.
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solid state even at room temperature. The changes in the
magnetization values were significant, and were estimated to
be around 27%. Furthermore, in recent years there has been
much interest in energy-level alignment in various types of
organic–inorganic interfaces.[20,29,30] Thus, the novel strategy
presented here not only becomes the basis for developing
future magneto-optical memory, but also has great potential
for developing new classes of materials.
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