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ABSTRACT
Soft X-ray microscopic experiments, such as scanning X-ray microscopy (SXM) and coherent X-ray 
imaging (CDI), have emerged as powerful techniques for investigating magnetic materials. 
However, X-ray imaging experiments under external magnetic fields with flexible orientation 
remain limited. We have developed a soft X-ray microscope equipped with a four-pole electro
magnet, enabling imaging experiments magnetic field orientations continuously adjustable from 
parallel to perpendicular to the incident X-ray beam. This unique capability allows versatile 
experimental configurations, facilitating static magnetic imaging and advanced time-resolved 
imaging. We performed time-resolved SXM measurements on two different types of NiFe (permal
loy) samples, successfully capturing the collective magnetization dynamics induced by ferromag
netic resonance effect. Furthermore, CDI measurement is demonstrated on multiferroic BiFeO3, 
visualizing sinusoidal magnetic structures with a spatial periodicity on the order of ten nanometers. 
The results highlight the efficiency of the developed X-ray microscope as a platform for studying 
the dynamics and complex spin textures of magnetic materials and spintronic devices.
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IMPACT STATEMENT
We present the development of a soft X-ray microscope with a four-pole electromagnet, enabling 
versatile magnetic field orientations, and demonstrate advanced measurements for magnetization 
dynamics and nanoscale magnetic texture.

1. Introduction

Over the past decades, X-ray imaging techniques have 
been developed significantly, enabling visualization of 
the structures in several types of materials. Among the 
various applications of X-ray imaging, one of the most 
significant areas for soft X-ray is the study of magnetic 
materials. Soft X-rays, near the absorption edges of 3d 
and 4f transition elements, offer resonant experiments 
including X-ray magnetic circular dichroism (XMCD), 
X-ray magnetic linear dichroism (XMLD), and resonant 
X-ray magnetic scattering (RXMS). These techniques 
provide information on several properties of the specific 
element such as spin and orbital angular momenta [1–3] 
and anisotropic magnetic dipole terms (Tz) [4–9]. To 
combine these resonant measurements with X-ray ima
ging approaches provide powerful techniques for visua
lizing nanoscale textures such as ferromagnetic domain 
[10–13], magnetic skyrmion lattice [14–17], and other 
complex spin textures in three-dimensional systems 
[18–20]. Highly coherent and short-pulsed X-rays at 
synchrotron facilities significantly improve the spatial 
and time resolutions, paving the way for further devel
opment of X-ray imaging, like time-resolved experi
ments for the dynamics of magnetic moments [21–24].

To address the growing demand for versatile ima
ging measurements in external magnetic fields, we 
have developed a soft X-ray microscope equipped 
with a four-pole electromagnetic coil assembly. In 
this paper, we present the features of the microscope 
and demonstrate time-resolved SXM measurements 
for proving collective magnetization dynamics in 
Ni0:8Fe0:2 (permalloy : Py) and CDI for magnetic 
structure in multiferroic BiFeO3. The results show 
the effectiveness of the developed microscope system 
for advanced soft X-ray imaging of magnetic 
materials.

2. Instrument for soft X-ray microscopy under 
magnetic field

Figure 1(a,b) shows the exterior of the soft X-ray micro
scope and the interior of the vacuum chamber, respec
tively. The vacuum chamber is placed on the motorized 
base stage for precise alignment of the chamber center 
with the X-ray optical axis. All essential components for 
soft X-ray microscopy including piezo-stages, Fresnel 
zone plate (FZP), and an order sorting aperture (OSA) 
are housed within high-vacuum environment of a base 
pressure of the order of 10� 6 Pa. A photodiode (PD) 
detector and a complementary-metal-oxide- 

semiconductor (CMOS) camera are positioned down
stream of the sample to detect X-rays transmitted 
through or scattered by the sample. This configuration 
enables several types of imaging techniques, like SXM, 
holography, CDI, and ptychography. Furthermore, 
a sub-miniature-type-A (SMA) cable is introduced into 
the vacuum chamber and connected to the sample holder 
to apply electric current, voltage, and microwave signals 
to the sample to perform a variety of operando 
measurements.

In this system, electromagnets are employed in con
sideration of both the need for a compact magnetic field 
generation setup that is compatible with the microscopic 
optical components and the requirement for variable and 
controllable magnetic field strength. As seen in 
Figure 1(a), four electromagnetic coils are installed out
side and beneath the vacuum chamber, and magnetic flux 
is guided into the sample region through a four-pole 
magnetic circuit [see ‘Magnetic poles’ in Figure 1(b)]. 
The usable sample area spans nearly 5 mm × 5 mm. 
When an electric current of 2.5 A is supplied to the 
electromagnetic coils, a maximum field of approximately 
600 mT is generated. The spatial variation of the magnetic 
field is approximately 0.5 mT over 10 μm when 
a magnetic field of 500 mT is applied, determined by 
electromagnetic field simulations. Figure (c) shows the 
magnetic field amplitude in the vicinity of the sample 
position when the central field amplitude is 500 mT. This 
configuration enables the magnetic field orientation to be 
continuously varied between parallel and perpendicular 
to the incident X-ray beam. Figure 2(a,b) illustrates the 
cases that the magnetic field H is parallel and perpendi
cular to the wavevector ki of the incident X-rays (H k ki 
and H?ki), respectively. Under the geometry of H k ki, 
conventional XMCD measurements can be performed, 
as illustrated in Figure 2(c). A representative XMCD 
spectrum is shown in Figure 2(e). The data are acquired 
with the X-ray transmission through a 30 nm-thick Py 
thin film around the Ni L2;3 absorption edges. In contrast, 
the H?ki configuration is effective for XFMR experi
ments, as described below.

3. Time-resolved scanning X-ray microscopy 
for studying magnetization dynamics

As a practical application of X-ray imaging under an 
external magnetic field, we present a time-resolved 
SXM technique utilizing our microscope to probe the 
collective dynamics of magnetic moments. Recent 
decades, time-resolved XMCD methods have been 
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advanced to enable real-time observation of magneti
zation dynamics under the ferromagnetic resonance 
(FMR) effect, where the precession of magnetic 
moments is induced by externally applied gigahertz 
(GHz)-microwave [21–24]. This technique, known as 
X-ray ferromagnetic resonance (XFMR), has been suc
cessfully applied for various magnetic systems.

Typical XFMR geometry under the configuration 
H?ki is illustrated in Figure 2(d). The sample is placed 
on an electrode, and an alternating current (AC) is 
introduced through the electrode, producing an AC 
magnetic field (hAC) around the sample. A static mag
netic field H is applied perpendicular to both hAC and 
ki. This H and hAC configuration excites magnetization 
precession via FMR effect. In XFMR experiments, hAC 

is usually tuned to harmonics of the X-ray injection 
frequency. By incrementally delaying the phase of hAC 

with respect to the timing of X-ray injection, XMCD 
signals are recorded at each delay time. Through this 
time-resolved detection, the X-ray beam probes the 
precessional dynamics of the magnetization, specifically 
its components parallel to ki, which is referred to as the 
XFMR signal. This measurement provides information 
on magnetization dynamics. Comprehensive details 
regarding the XFMR system that we developed can be 
found in our prior publication [24]. Representative 
XFMR data acquired from a Py microstructure at the 
Ni L3 edge is presented in Figure 2(f) (The details of the 
sample are mentioned below). The experiments were 

performed at BL-16A of Photon Factory (PF), High 
Energy Accelerator Research Organization (KEK), 
Japan. The H amplitude is 6 mT, while 2.0 GHz hAC is 
applied to the sample. Distinct oscillatory signals with 
a 500-ps periodicity, corresponding to the hAC fre
quency, are observed. The red dashed line in the figure 
represents fitting results of a sinusoidal function with 
a frequency of 2.0 GHz to the experimental result.

3.1. Detection of uniform spin precession in 
microstructured permalloy

Combining XFMR with X-ray imaging techniques 
enables direct visualization of collective magnetization 
dynamics, such as spin-wave propagation [22,23,25–33]. 
Here, we demonstrate the integration of XFMR and SXM 
measurements, herein referred to as XFMR-SXM, con
ducted on a microstructured Py sample. The experimen
tal setup is depicted in Figure 3(a). The sample was 
fabricated using photolithography and positioned on 
a 30-nm-thick Au electrode line deposited on a SiN 
membrane via sputtering. The sample was electrically 
isolated from the electrode by a 100-nm-thick SiO2 inter
layer. The lateral dimensions of the Py structure are 
approximately 10 μm, with a thickness of 30 nm. 
A micrograph of the fabricated sample is shown in the 
inset of Figure 3(a). A circularly polarized X-ray beam is 
focused by an FZP with outer and center beam-stopper 
radii of 60 and 30 μm. The higher-order diffractions from 

Figure 1. (a) Appearance of the soft X-ray microscope and (b) internal configuration of the vacuum chamber. FZP, OSA, DBC, and 
PD denote fresnel zone plate, order sorting aperture, direct beam catcher, and photo diode, respectively. A CMOS camera is 
installed outside the chamber. (c) Magnetic field amplitude near the sample position, obtained from electromagnetic field 
simulations, plotted along the direction from one magnetic Pole to its counterpart as indicated by the red doted line in the inset.
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Figure 2. (a,b) Experimental configurations in a four-pole magnetic system: (a) H k ki and (b) H?ki, where H and ki denote the 
directions of magnetic field and incident X-ray beam, respectively. (c,d) Schematic illustrations of the XMCD and XFMR 
experimental geometries: (c) XMCD measurement under the condition H k ki, where the magnetization vector (M) aligns along 
the magnetic field direction. (d) XFMR setup with H?ki, where an alternating current (AC) is applied through an electrode, 
generating an AC magnetic field (hAC) around the sample. The static magnetic field is oriented perpendicular to both hAC and ki. 
This arrangement of H and hAC excites magnetization precession through the FMR effect. By sweeping a phase delay of hAC with 
respect to the incident X-ray injection, the X-ray beam probes the components of M parallel to the ki at each delay time via XMCD 
detection. (e) XMCD spectrum obtained around the Ni L2;3 edges for a 30 nm-thick Py film. An external magnetic field of 250 mT is 
applied parallel to the incident X-ray direction and normal to the sample surface. (e) Representative XFMR data acquired from 
a micro-patterned Py structure at the Ni L3 edge (E ¼ 853:5 eV) (see also Figure 3(a)). A frequency of hAC is set to 2.0 GHz, and H is 
maintained at an amplitude of 6.0 mT. Dashed red line present the fitting of a sinusoidal function with a frequency of 2.0 GHz.

Figure 3. (a) Experimental setup of the XFMR-SXM measurement for a micro-patterned Py structure. The elliptical Py micro
structure is deposited on the Au electrode. A 100 nm-thick SiO 2 layer electrically isolates the Py structure from the electrode. The 
external magnetic field is applied perpendicular to the incident X-ray direction. The inset displays an optical micrograph of the 
sample with a scale bar of 10 μm. (b) Spatially resolved XFMR signals as a function of delay time. The contour map presents the 
spatial distribution of XFMR signals across the sample, overlaid on the SXM image which shows the distribution of the transmitted 
intensity from the sample.
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the FZP are filtered by an OSA with a radius of 10 μm. In 
this measurement, the beam size at focal point is approxi
mately 500 nm. The sample is precisely placed at the focal 
point of the FZP. Spatially resolved maps of the XFMR 
signal intensity in the central area of the sample are 
presented in Figure 3(b), where the XFMR intensities 
are overlaid on the SXM image which shows the distribu
tion of the transmitted intensity from the sample. Due to 
substantial soft X-ray attenuation by the Py, the SiO 2 
insulating layer, and the underlying electrode, the trans
mitted X-ray intensity is reduced by an order of magni
tude (10� 1). Nevertheless, a nearly uniform precession of 
magnetic moments, which can be characterized by the 
Kittel spin-wave mode, is observed. This result demon
strates a successful detection of spin-waves excited in 
a microstructured magnetic sample.

3.2. Detection of nonreciprocal spin-wave 
propagation

XFMR-SXM measurement can also be employed to 
detect spin waves with finite wavelengths. Figure 4(a) 
illustrates the experimental configuration for the detec
tion of finite-wavelength spin-waves in a Py thin film, 
fabricated by sputtering over an electrode with a width of 
10 μm. IAC with a frequency of 4.0 GHz is supplied to the 
electrode. Under this configuration, magnetostatic sur
face spin waves (MSSWs), excited by the applied IAC, 
propagate bidirectionally along the z axis defined in the 
figure. Figure 4(b) presents the X-ray transmission inten
sity distribution in the vicinity of the electrode. The 
focused X-ray beam detected XFMR signals at positions 
A and B, as marked in the figure. Figure 4(c,d) 
displays the delay-time dependence of the XFMR signals 
acquired at these positions under an external magnetic 
field H ¼ �30 mT. The amplitudes and phases of the 
oscillatory XFMR signals at positions A and B exhibit 
notable differences. The amplitude and phase ratios 
between these two positions are inverted upon reversal 
of the applied magnetic field. These results are indicative 
of the nonreciprocity of the amplitude and wavelength of 
MSSWs. This nonreciprocal behavior arises from direc
tional asymmetry of the external magnetic field at the 
positions A and B, in addition to the unequal magnetic 
anisotropies at the opposing surfaces of the thin film 
[34,35]. Ongoing investigations focus on further eluci
dating this nonreciprocity.

3.3. Coherent soft X-ray diffraction imaging

A CDI measurement for a nanoscale magnetic structure 
of a multiferroic BiFeO3 is demonstrated as another 
advanced application of the developed microscope 
employing the RXMS technique. In comparison with 
SXM measurements, CDI enables higher spatial- 
resolution imaging down to 10-nanometre scale. 

BiFeO3 is a room-temperature multiferroic material exhi
biting a large spontaneous polarization of approximately 
90 μC/cm2, a high Curie temperature of ,1100 K, and 
approximately G-type antiferromagnetic order with the 
Néel temperature of ,653 K [36]. The antiferromagnetic 
order is modified by a Dzyaloshinskii-Moriya (DM) 
interaction between Fe spins to form a sinusoidal mag
netic structure with a wavelength of 62 nm [37,38]. The 
magnetic structure can be described as a superposition of 
an antiferromagnetic modulation vector 
QAF ¼ ð1 � qm; 1þ qm; 1Þ and a spatially modulated 
weak ferromagnetic component with 
QF ¼ ð� qm; qm; 0Þ, where qm ¼ 0:0045. The latter mag
netic modulation is detectable with a transmission-mode 
resonant soft X-ray small-angle scattering (RSXS) setup.

To transmit soft X-rays, the sample was thinned to 
a thickness of approximately 200 nm using focused ion 
beam (FIB) processing and mounted on 
a 10 μm pinhole [see Figure 5(a)]. The pinhole was 
fabricated by depositing gold onto a Si3N4 membrane, 
followed by FIB milling to open the aperture [14]. Soft 
X-ray microscopy measurements were conducted at 
beamline BL14U of NanoTerasu, and the diffraction 
patterns were recorded using a Complementary Metal- 
Oxide-Semiconductor (CMOS) camera. Figure 5(b) 
shows the X-ray absorption spectrum (XAS) near the 
Fe L2;3-edge. Based on the spectral shape, the photon 
energy for magnetic scattering measurements is set to 
707.4 eV. The incident X-rays with circular polarization 
are directed parallel to the [111]rh direction, where 
[� � �]rh denotes the rhombohedral lattice index. 
Figure 5(c) presents the coherent diffraction pattern, 
where magnetic scattering from the sinusoidal magnetic 
structure is observed. Fraunhofer diffraction from the 
pinhole appears around the center of the pattern and 
interferes with the magnetic scattering signals. The 

Figure 4. (a) Experimental configuration of the XFMR-SXM 
measurement for finite-wavelength spin-wave detection. 
(b) SXM image near the Au electrode, with a scale bar 
indicating 5 μm. (c,d) XFMR signals acquired at positions 
A and B under external magnetic fields of H ¼ �30 mT. 
Red and blue curves correspond to the fitted results.
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Hybrid Input-Output (HIO) phase retrieval analysis 
[39] is applied to the diffraction pattern shown in 
Figure 5(c). To further enhance the discernibility of 
the magnetic structure, frequency filtering was subse
quently employed on the reconstructed image to extract 
the QF frequency component. The resulting magnetic 
structure, obtained through this procedure, is presented 
in Figure 5(d). The right inset of Figure 5(d) shows the 
FFT image of the reconstructed real-space structure, 
where dashed ellipses indicate the windows used for 
frequency filtering. As shown in Figure 5(d), the spa
tially modulated component of the ferromagnetic 
moment is successfully visualized. Although no clear 
magnetic-field effect on the magnetic structure is 
observed in the present setup, the results demonstrate 
that the magnetic imaging capability was sufficiently 
evaluated. By integrating this technique with the 
dynamic measurements discussed in the previous sec
tions, time-resolved magnetic imaging is expected to 
become feasible in the future.

4. Conclusion

We have developed a soft X-ray microscopy system 
with a four-pole electromagnet, enabling advanced 

imaging measurements under external magnetic 
fields with flexible directional control, significantly 
expanding the range of experimental geometries for 
soft X-ray imaging. We have successfully conducted 
time-resolved XFMR-SXM on spin waves in Py 
samples. Furthermore, real-space imaging for the 
magnetic structure in multiferroic BiFeO 3 is 
achieved by a CDI measurement. These results 
demonstrate the capability of direct visualization 
of magnetic systems. Our results underscore the 
utility of this newly developed microscope as 
a versatile platform for studying static and dynamic 
magnetic phenomena at nanoscale. It opens up new 
opportunities for investigating spintronic devices, 
magnetic thin films, and complex spin textures 
with high spatial and time resolution.
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Figure 5. (a) Optical micrograph of a flake-shaped BiFeO3 single 
crystal mounted on a pinhole with a diameter of 10 μ m. The 
sample thickness is approximately 200 nm. The scale bar corre
sponds to 10 μm. (b) X-ray absorption spectrum near the Fe L2;3 

absorption edges. The dashed line indicates 707.4 eV, the 
energy at which the cdi measurement is conducted. (c) 
Coherent X-ray diffraction pattern for weak ferromagnetic scat
tering. (d) Reconstructed real-space image of the sinusoidal 
magnetic structure after frequency filtering. The left inset 
shows the fft image of the reconstructed real-space structure, 
with the central area masked. The dashed ellipses indicate the 
windows for frequency filtering. The scale bar represents 
0.1 nm� 1. The right inset presents an enlarged view of the 
region delineated by a red dashed line in the figure. The scale 
bar corresponds to 400 nm.
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