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We have constructed an end station for nanoscale magnetic materials study at the soft X-ray beamline
HiSOR BL-14 at Hiroshima Synchrotron Radiation Center. An ultrahigh-vacuum scanning tunneling microscope (STM) was installed for an in situ characterization of nanoscale magnetic materials
in combination with soft X-ray magnetic circular dichroism (XMCD) spectroscopy experiment. The
STM was connected to the XMCD experimental station via damper bellows to isolate it from environmental vibrations, thus achieving efficient spatial resolution for observing Si(111) surface at atomic
resolution. We performed an in situ experiment with STM and XMCD spectroscopy on Co nanoclusters on an Au(111) surface and explored its practical application to investigate magnetic properties for well-characterized nanoscale magnetic materials. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4770126]
I. INTRODUCTION

Nanotechnology, based on material surfaces and
nanoscale materials, has become increasingly important
to the sustainable development of today’s human society.
Characteristic physical and chemical properties are used
for industrial applications such as semiconductor devices,
catalysts, fuel cells, sensors, optical materials, magnetic
materials, and so on. In particular, magnetic properties of
nanoscale magnetic materials such as perpendicular magnetic
anisotropy1 and giant magnetoresistance2, 3 are currently
used for high-density magnetic storage devices and will
be extended to spintronics. These useful and remarkable
properties come from characteristic electronic and atomic
structures of nanoscale magnetic materials such as films,
nanowires, nanodots, and surface magnetic molecules. For
example, cobalt (Co) nanodots, each of which only consists
of several Co atoms, on a platinum (Pt) surface exhibit an
extraordinary giant orbital magnetic moment and magnetic
anisotropy energy (MAE).4 Reduced number of coordinations of magnetic atoms at the surface result in unquenched
orbital magnetic moments and giant MAEs. It is believed
that the atomic structures of nanoscale magnetic materials
strongly correlate with the magnetic properties. Therefore, it
is essential to determine the atomic structures and magnetic
properties of a sample at the same time, if possible.
Atomic structures of surface nanoscale materials are directly observed by means of a scanning probe microscope
(SPM) equipped with an atomic-scale apex probe. By scanning a probe on the surface and detecting electric charge,
atomic force or other forces as a function of two-dimensional
a) Author to whom correspondence should be addressed. Electronic mail:
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positions, an SPM is able to visualize surface structures on the
atomic scale. The scanning tunneling microscope (STM)5 is a
prototype variation of the SPM that measures tunneling current between the surface and a probe. So far, STMs have been
used to investigate the morphology and atomic structures of
various nanoscale magnetic materials.6–10 In addition, spinpolarized STM11 has found novel magnetic orders such as the
surface skyrmion.12
However, an experimental method that directly observes
electronic structure is needed to characterize the physical
or chemical properties of nanoscale materials microscopically. X-ray absorption spectroscopy (XAS) is a spectroscopic method with synchrotron radiation that probes unoccupied electronic states of materials. Magnetic signals
can also be detected by XAS with X-ray magnetic circular
dichroism (XMCD) by using circularly-polarized photons.13
Quantitative values of spin and orbital magnetic moments
are determined separately from the XMCD spectrum using
the magneto-optical sum rules.14, 15 It is highly suitable for
nanoscale materials because of its element specificity. This
method has so far been applied to various surface nanoscale
magnetic materials such as nanoclusters,16 nanowires,17, 18
nanodots,4 isolated atoms,19 and magnetic molecules.20
Thus, combining STM and XMCD spectroscopy is an
effective way to reveal the microscopic origins of the magnetic properties of well-characterized nanoscale magnetic materials. However, up to now, STM and XMCD spectroscopy
are generally individual experimental techniques used in separate apparatuses, except for very few examples such as
synchrotron-radiation-excited STM.21–23, 25 Scanning tunneling microscopy is very vibration-sensitive because it requires
a probe-sample distance on the nanometer order and high precision of the lateral position of a probe. A synchrotron facility is full of environmental vibrations from the mechanical
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pumps, refrigerators, or motion of users working at the beamline. Thus, STM and synchrotron facilities are incompatible, and very few synchrotron facilities have beamlines with
STM.20, 22–25 To perform an in situ STM or XMCD experiment, all vacuum-chambers are interconnected with each
other, and samples can be transferred from one to the other
without breaking an ultrahigh-vacuum (UHV) condition. The
STM system and a beamline must be connected rigidly to satisfy this requirement. However, the rigid connection impairs
the performance of the vibration-isolation table of STM and
makes it difficult to attain sufficient spatial resolution. Therefore, two conflicting conditions (rigid UHV connection and
vibration isolation) must be overcome to combine STM and
XMCD spectroscopy.
We have been constructing the end station for researching nanoscale magnetic materials at the soft X-ray beamline
HiSOR BL-14 at Hiroshima Synchrotron Radiation Center
(HSRC).26 In this paper, we report the beamline connection
of a ready-made UHV-STM system at HiSOR BL-14 and
demonstrate its potential to study nanoscale magnetic materials in combination with soft X-ray spectroscopy experiment.
It will be shown that damper bellows (bellows with support
rods and rubber dampers) sufficiently isolate the STM system from environmental vibrations for practical use. As a result, we have successfully realized the suppressed vibration
circumstance for general purpose via the newly installed intermediate chamber.
II. EXPERIMENTAL SYSTEM

HiSOR BL-14 at HSRC equips an inverse-dragon type
monochromator at the bending-magnet source of the electron storage ring. It is designed for experiments using polarized soft X-rays such as XMCD or X-ray linear dichroism
spectroscopy.27 The photon energy range of this beamline (hν
= 100–1200 eV) is suitable for XAS experiments at the K
edge of light elements, L edges of 3d transition metals, and M
edges of 4d transition metals. Lateral and vertical beam size
at the sample position are 3 mm and 0.5 mm, respectively.
Photon flux is approximately 1010 photons/s in the photon energy range from 700 to 800 eV. Figure 1 shows the schematic
of the end stations of HiSOR BL-14. An XMCD measurement apparatus is installed at the first focal point in the beamline, which is composed of a UHV chamber with a permanent
magnet array (B = 1.3 T), an electromagnet (B = 0.3 T maximum) for XMCD experiments and a sample manipulator with
a liquid N2 cryostat. A sample preparation chamber is connected to the XMCD chamber in UHV. The sample preparation chamber is equipped with instruments for thin-film fabrication and characterization. Details of this system are given
in the literature.26
We have newly constructed an intermediate chamber for
interconnecting the existing XMCD experimental system and
a stand-alone UHV-STM system. The intermediate chamber
guarantees vibration-isolation docking of the STM system
and a sample transfer path to the XMCD chamber under UHV.
Details of the intermediate chamber will be given in Sec. III.
The UHV-STM system (UHV 300, RHK Technology)
has an independent sample preparation chamber that is di-
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FIG. 1. Schematic of the end station of HiSOR BL-14. The red dashed line
represents the sample transfer path from the STM-sample-preparation chamber to the XMCD chamber. The purple wavy arrowed line represents the photon incident direction to the XMCD chamber.

rectly connected to the STM chamber. The STM-samplepreparation chamber is equipped with sample fabrication and
characterization instruments. We used this chamber to prepare the sample for the in situ STM and XMCD experiment
described in Sec. IV. A clean surface of an Au(111) single
crystalline substrate was prepared with repeated cycles of Ar+
bombardment and annealing to 970 K. Negligible contamination was found in Auger electron spectra. Co was deposited
onto the substrate at room temperature by using an electron
beam evaporator.

III. CONNECTION OF STM APPARATUS AT BEAMLINE
A. Isolation of STM from environmental vibrations

Because the STM is extremely vibration-sensitive, it is
necessary to isolate the STM system from the vibrations generated from various sources in the synchrotron facility. The
STM chamber is mounted on a heavy stone table to remove vibration via air suspension. An eddy current damper is also installed inside the STM chamber to isolate finely the vibration
propagated to the measurement stage. The characteristic frequencies of the heavy stone table and the eddy current damper
are about 10 Hz and 1.5 Hz, respectively. Thus, the STM system works well in a stand-alone operation with the duplex
configuration of the vibration-isolation system, which cuts
off higher-frequency vibration components from the building
floor.
The intermediate chamber is rigidly interconnected with
the XMCD-sample-preparation chamber in UHV. To avoid
generating mechanical vibrations, the intermediate chamber
is only equipped with an ion pump (PST-100CX, ULVAC) to
keep UHV. A scroll pump and a turbo molecular pump are
used only in rough pumping during bakeout and disconnected
after running the ion pump. As mentioned above, it is necessary to connect all the chambers rigidly under UHV. However, the rigid connection makes the intermediate chamber
the propagating path of vibrations from the XMCD experimental system. These contradicting situations seem to be settled by using simple bellows, because the bellows can prevent
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we achieve a vibration-isolation rigid connection of the STM
system under UHV. The docking port is also equipped with
an XY stage for fine adjustment of the docking positions. The
STM chamber is connected to the docking port. However, this
port is not only for the current STM system, but also works as
a utility port for other stand-alone experimental apparatuses
that require a vibration-isolation environment.
To confirm the vibration-isolation connection of the STM
system, we measured the STM topography of the Si(111)
surface with a tungsten tip as a standard sample for the
UHV-STM system before and after the beamline connection.
Figures 3(a) and 3(b) show STM topographic images of
Si(111) before (offline) and after (online) connection of the
STM chamber to the intermediate chamber. Both images
clearly show the 7×7 reconstructed surface of Si(111) at
atomic resolution. Height profiles along the white lines in
Figs. 3(a) and 3(b) are shown in Figs. 3(c) and 3(d), respectively. These profiles are qualitatively identical before and after the beamline connection except for the contrast, which is
better in the offline experiment. The decrease in contrast is attributable to inevitable vibrations by the beamline connection.
Two STM images were taken with use of tungsten tips with
the similar radius of curvature prepared by same etching treatment. However, the difference in contrast may be attributable
to the minor change in tip conditions such as adsorbate on
the tip. The width of each peak in the height profiles is about
2.8 Å and 3.5 Å for the offline and online experiments, respectively. Thus, the lateral spatial resolution becomes worse with
the beamline connection. Vertical spatial resolution after the

Rubber damper

Support rod
FIG. 2. Damper bellows connected between the STM chamber and the intermediate chamber.

vibrations propagating to the STM system. However, contractile forces shorten the length of bellows under UHV. As a consequence, the heavy stone table with air suspension is fixed
because of the lateral shift via shorten bellows and the functionality of the vibration isolation is compromised.
Thus, bellows with support rods are necessary to avoid
contraction of bellows, though the support rods become the
propagating path of vibrations. Therefore, we introduced
damper bellows to a docking port of the intermediate chamber as shown in Fig. 2. Four support rods connected with rubber dampers prevent the bellows from contracting under UHV.
Four rubber dampers damp down and cut off vibrations propagating through the intermediate chamber. The lateral position of the STM system is adjusted to the balanced position
under UHV so as not to lock the air suspension table. Thus,
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FIG. 3. STM topographic images of Si(111)7 × 7 surface (a) before and (b) after connection to the intermediate chamber. The tip bias was set to 2.0 V, and the
tunneling current was set to 0.15 nA. The lateral size is 20×20 nm2 . Height profiles along the white lines in (a) and (b) are shown in (c) and (d), respectively.
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STM holder

Sample plate

10 mm
XMCD holder
FIG. 5. Schematics of sample plate and sample holders for STM and XMCD
experiments. The yellow square represents the sample, which has a size of
5×5 mm2 .

√
FIG. 4. STM topographic images of Au(111) 3 × 23 herringbone reconstruction. The tip bias was set to 0.5 V, and the tunneling current was set to
0.15 nA. The lateral size is 100×100 nm2 .

beamline connection was evaluated as 0.08 Å from the height
profile in Fig. 3(d). We conclude that the effect of vibrations
from the beamline connection is maximally suppressed, and
there is no problem with taking topographic images of Si surfaces at atomic resolution.
We also obtained an STM image of the Au(111)
√ surface. Au(111) exhibits surface reconstruction with 3 × 23
periodicity, which is called herringbone reconstruction.28
We clearly observed the herringbone reconstruction of the
Au(111) surface with the UHV-STM system even after the
beamline connection (Fig. 4). This indicates that the UHVSTM system at HiSOR BL-14 achieves sufficient vertical
spatial resolution to characterize the metal surface with an
asperity of 0.2 Å.28 Substantially noisier image of Au(111)
than that of Si(111) [see Figs. 3(a) and 3(b)] comes from
the signal-to-noise ratio in the measurement. Because the localized electrons in the semiconductor Si surface are advantageous to get better contrast than the delocalized electrons
in the metallic Au surface even in the similar experimental
conditions.

to fit a sample manipulator of the existing XMCD system. The
total thickness of the XMCD holder must be below 5 mm, because the permanent magnet in the XMCD chamber has a gap
of only 10 mm to insert the sample. The sample plate can be
nested in both the STM holder and the XMCD holder for each
experiment as shown in Fig. 5.
The intermediate chamber is equipped with two transfer
rods, one to transfer to the STM chamber and another to transfer to the XMCD-sample-preparation chamber as shown in
Fig. 1. It is also equipped with a four-axis (X, Y, Z, and θ )
sample stage. The STM holder is put on the sample stage and
rotated to pick up the sample plate with each transfer rod.
Figure 1 shows the sample transfer path from the STMsample-preparation chamber to the XMCD chamber. The
amount of time required to transfer the sample from the STM
chamber to the measurement position of the XMCD chamber
is about 30 min. The base pressure of each chamber is shown
in Table I. Surface contamination of the sample can be minimized by passing the intermediate chamber for a short time.

IV. IN SITU STM AND XMCD EXPERIMENT

To examine the performance of the whole system, we carried out an in situ STM and XMCD experiment on nanostructured Co on an Au(111) surface. It is known that twomonolayer-height Co clusters grow by self-assembly on the
elbow site of the herringbone reconstruction of an Au(111)
surface.6 In addition, Co nanoclusters on Au(111) exhibit an
easy magnetization axis perpendicular to the surface.30

B. Sample transfer

Because the existing XMCD experimental system and
the ready-made stand-alone UHV-STM system are interconnected with each other, the sample transfer system needs to
be attached. Figure 5 shows schematics of the sample plate
and sample holders for STM and XMCD. The sample plate
is a 1-mm-thick Mo plate for mounting the sample directly.
The STM holder is a modified version of a commercial STM
holder with a ramp for a beetle-type STM scan head.29 Side
loading of the sample plate is possible while keeping the dimensions of the original one. The XMCD holder is designed

TABLE I. Base pressure of each chamber of the end station of HiSOR
BL-14.
Chamber
STM-sample-preparation
STM
Intermediate
XMCD-sample-preparation
XMCD
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Pressure (Pa)
3 × 10−8
2 × 10−9
6 × 10−7
5 × 10−8
4 × 10−8

Ueno et al.

123903-5

Rev. Sci. Instrum. 83, 123903 (2012)
(c)

(a)

(a)

L3

XAS (arb. units)

Co/Au(111)
297 K
µ+
µ
L2

Frequency

4

(b)

Au substrate
2 ML Co

3
2

3 ML Co

XMCD (arb. units)

(d)
5

L2

0

1
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Height (nm)

770

780

790
800
Photon energy (eV)

205 K
234 K
263 K
297 K
810

FIG. 7. (a) STM topographic image of Co/Au(111) (100×100 nm2 ). (b)
Height distribution in (a). (c) Co L2, 3 XAS at 297 K. Red (μ+ ) and blue
(μ− ) curves represent XAS for different magnetization direction. (d) Temperature dependence of Co L2, 3 XMCD spectra of Co/Au(111). All XMCD
spectra are normalized by the L3 intensity of XAS spectra. These data are
collected in situ for the same sample.
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FIG. 6. (a) STM topographic image of Co clusters on Au(111) surface. The
tip bias was set to 2.0 V, and the tunneling current was set to 0.15 nA. The
lateral size is 100×100 nm2 . (b) Line profile along the arrow in (a).

Figure 6(a) shows an STM topographic image of Co clusters on Au(111). Periodically distributed Co clusters are observed. The line profile along an arrow in Fig. 6(a) is shown
in Fig. 6(b). The cluster height is about 4 Å, which is
comparable to the lattice constant of hcp Co (c = 4.07 Å).
This indicates the height of Co clusters as 2 monolayers (ML).
Figure 7(a) shows an STM topographic image of another
set of deposition for Co on Au(111) with the larger Co coverage than that in Fig. 6(a). The bright area denotes Co clusters
with a larger lateral size than in Fig. 6(a). In Fig. 7(b), three
remarkable peaks appear in the height distribution of the STM
topographic image in Fig. 7(a). These peaks around 0.2, 0.6,
and 0.8 nm correspond to the frequencies of Au substrate, 2
ML Co, and 3 ML Co, respectively. Thus, we directly found
the coexistence of 2 ML and 3 ML Co clusters in increased
Co coverage. This kind of microscopic morphological information is difficult to obtain from the on-site analysis of reciprocal space observation such as low-energy electron diffraction. The STM system at HiSOR-BL14 has the capability to
measure nanoclusters with a diameter of only a few nm and
height of only a few monolayers. In situ magnetic measurement of these nanoclusters enables us to understand in detail
the correlation of the morphology with magnetism.
After the STM measurement, we transferred the sample to the XMCD chamber and performed a temperaturedependent XMCD experiment. The XMCD signal was ob-

tained with a perpendicular magnetic field of 1.3 T using the
permanent magnet. Photon incident angle was set normal to
the surface. Beam spot size at the sample surface is much
larger than the area scanned in the STM measurement. Therefore, the uniformness of the sample surface must be guaranteed. We have checked the homogeneity of the sample surface
by the Auger electron spectra at multiple measurement points.
Figure 7(c) shows X-ray absorption spectra of Co/Au(111) at
Co L2, 3 edges at room temperature (297 K). We clearly observe an intensity difference at two white lines (L3 and L2 )
with magnetization direction. To investigate the magnetic behavior of Co nanoclusters, we measured the temperature dependence of Co L2,3 XMCD spectra [see Fig. 7(d)]. We first
cooled the sample to 89 K by flowing liquid N2 under the
magnetic field and then the data were acquired with increasing
temperature. The amplitude of the XMCD spectra, which corresponds to the magnetization, gradually increases with decreasing temperature and almost saturates below 176 K within
measurement precision. This indicates that our XMCD experimental system with a liquid N2 cryostat can detect the magnetic signal of ferromagnetic nanoclusters with a diameter of
a few nm and height of a few monolayers. A higher magnetic
field and lower temperature are desirable in order to perform
XMCD experiments for smaller magnets such as nanodots or
magnetic molecules.
As shown above, we have successfully demonstrated
an in situ STM and XMCD experiment on nanoscale magnetic materials. It is possible to use an in situ STM and
XMCD experiment to measure a cluster-size- and/or clusterheight-dependent magnetization. STM can directly observe
surface morphology and obtain statistics such as cluster-size
and cluster-height distribution. Thus, it is possible to deduce
cluster-size- and/or cluster-height-dependent XMCD spectra
through a simultaneous analysis of several data sets of STM
topography and the corresponding XMCD spectra.
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V. SUMMARY

We have developed an end station for nanoscale magnetic materials study at the soft X-ray beamline HiSOR
BL-14 at HSRC. The stand-alone UHV-STM system is connected to the end station of the beamline via damper bellows. It achieves sufficient spatial resolution to observe surface nanoscale magnetic materials. We have demonstrated
an in situ STM and XMCD combination experiment on Co
nanoclusters on Au(111) and emphasized the importance of
real-space observation of morphology with magnetization
measurement. These results would provide useful information
on the other potential end stations of the synchrotron facilities in the world, where the SPM is already or planned to be
installed. As demonstrated in this report, the combination of
SPM with the synchrotron radiation experiments will accelerate the materials research especially in nano-science field.
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