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Abstract

We report both technical advances in soft X-ray microscopy (XRM) and applications furthered by these advances.
With new zone plate lenses we record test pattern features with good modulation to 25 nm and smaller. In combination

with fast cryofixation, sub-cellular images show very fine detail previously seen only in electron microscopy, but seen
here in thick, hydrated, and unstained samples. The magnetic domain structure is studied at high spatial resolution with
X-ray magnetic circular dichroism (X-MCD) as a huge element-specific magnetic contrast mechanism, occurring e.g. at

the L2,3 edges of transition metals. It can be used to distinguish between in-plane and out-of-plane contributions by
tilting the sample. As XRM is a photon based technique, the magnetic images can be obtained in unlimited varying
external magnetic fields. The images discussed have been obtained at the XM-1 soft X-ray microscope on beamline 6.1
at the Advanced Light Source in Berkeley. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The XM-1 X-ray microscope is located at the
Advanced Light Source and provides high spatial
resolution imaging of thick (510 mm) samples.
The design allows a high throughput of a variety
of samples in a wide variety of applications
including biology, environmental science and
materials science [1–3].

The illumination is provided by bending magnet
radiation from the Advanced Light Source which
is projected onto the sample through a condenser
zone plate lens. The present condenser zone plate
has a diameter of 9mm, an outer zone width of
55 nm, and 41,000 zones. The illumination energy
can be changed by the linear monochromator,
which is composed of the condenser zone plate and
a pinhole (approximately 10 mm aperture) near the
sample plane (typically 100 mm from the sample
plane). Due to the chromatic aberrations of zone
plates, simply shifting the distance between the
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condenser and the pinhole/sample plane shifts the
illumination energy, which can be changed be-
tween 250 and 900 eV, and has been measured to
have a spectral resolution of E=DE ¼ 700 [4].
The radiation passing through the sample is

projected through the micro zone plate onto a
CCD camera. The present micro zone plate has an
outer zone width of 25 nm and a diameter of
63 mm. Both the micro zone plate and the
condenser zone plate were fabricated by electron
beam lithography by Erik Anderson at the
Nanofabrication Laboratory in the Center for
X-ray Optics [5]. The CCD camera is a
1024� 1024 pixel array which is back-thinned
and back-illuminated. It has a quantum efficiency
of approximately 60–70% in the range of energies
that the microscope operates.
Sample positions and focus can be pre-selected

in a custom Zeiss Axioplan visible light micro-
scope which is mutually indexed with the sample
stage of XM-1. X–Y position accuracy is typically
2 mm over a 3mm field with focal accuracy of 1 mm.
This helps to allow the high throughput of
samples. During a typical day, hundreds of images
are collected.
The field of view of the microscope is 10 mm. In

order to image larger samples, there is an
automated montage assembly process which builds
a larger image based on a series of sub-fields [6].
Using cross-correlation techniques, the smaller
images are placed at the proper locations creating
a nearly seamless montage.

2. Spatial resolution

In order to test the spatial resolution of the
microscope, we used test patterns of grating
patterns of various linewidths and duty cycles.
They were fabricated with the same electron beam
lithography tool that is used for the zone plates.
An image of one test pattern is shown in Fig. 1(a).
This test pattern has lines (light regions) with a
width of 15 nm, separated by 45 nm spaces. The
intensity across the lines is shown in Fig. 1(b). This
shows a contrast of approximately 43%. This
pattern of lines and spaces with a half-period of
30 nm can clearly be resolved. Another pattern

with a half-period of 25 nm could also clearly be
resolved and had a contrast of approximately
24%. We have not yet had a pattern with a half-
period smaller than 25 nm, but if we project the
modulation to smaller patterns, we expect to cross
the Rayleigh Resolution Criterion of 15.3%
contrast with a half-period pattern of 23 nm [7].

3. Magnetic materials

X-ray magnetic circular dichroism (X-MCD),
i.e. the dependence of the absorption of circularly
polarized X-rays onto the projection of the
magnetization in a ferromagnetic absorber, yields
magnetic contributions to the absorption cross-
section as high as 25% for element-specific core
level absorption edges, as e.g. the L2,3 edges of
transition metals. It has been shown recently that
in combination with microscopies like photoemis-
sion electron microscopy [8] or soft X-ray micro-
scopy [9], this can serve as a huge contrast
mechanism to image the magnetic domain struc-
ture with high lateral resolution. Working in
transmission, the magnetic absorption is conveni-
ently measured by recording the transmitted
photon intensities. Elliptically polarized light is
obtained at the XM-1 from off-axis bend magnet
radiation. A typical example is shown in Fig. 2

Fig. 1. (a) Image of test pattern with 15 nm lines (light) and

45 nm spaces (dark). The lines and spaces can clearly be

resolved. (b) Intensity across the pattern averaged over adjacent

line scans. This shows a contrast across the test pattern of

approximately 43%.
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where the self-organized magnetic domain pattern
is shown. It has been obtained in a (0.4 nm Fe/
0.4 nm Gd)� 75 multilayer system with a pro-
nounced out-of-plane anisotropy. To account for
the limited penetration of soft X-rays, it has been
prepared on a 35 nm Si3N4 membrane. The dark/
light regions correspond to the Fe magnetization
with its direction pointing in/out of the paper
plane. As expected from the different spin–orbit

coupling, the magnetic contrast has a reversal
between the L3 and the L2 edges which is a direct
proof of the magnetic character of the pattern
observed.
This is a photon based magnetic microscopy;

thus, in principle, the domain structure can be
recorded in unlimited external magnetic fields,
which is of outstanding importance e.g. to proof
the functionality of current devices, like magnetic
sensors, MRAM, etc. The XM-1 is currently
limited to apply magnetic fields up to � 1000Oe
fields; however, this will be extended by a factor of
three in the near future.
Since it is the projection of the local magnetiza-

tion onto the photon propagation direction
providing the contrast, in-plane magnetization,
which is the most favorable configuration for
magnetic systems of low dimensionality can be
addressed by tilting the sample relative to the
photon propagation direction. The first results
have been recently obtained at the XM-1 [10].
Furthermore, the M-TXM allows to distinguish
between in-plane and out-of-plane contributions
to the magnetic domain structure. Together with
the high sensitivity down to a few nanometers
thickness due to the large magnetic contrast, this
technique allows the study of magnetic micro-
sctructures and the reaction to external fields in
current technologically relevant magnetic systems,
like magnetic sensors (GMR, TMR), nanostruc-
tures, patterned media (MRAM) and high density
storage media (magneto-optics).

4. Cryogenic sample preservation

In order to preserve the structural integrity of
biological samples, a cryogenic sample holder has
been built. The radiation dose for a typical
exposure is approximately 107Gy, which in some
circumstances is enough to change the morphol-
ogy of hydrated, room temperature biological
samples [11,12]. The samples are frozen at a rate
of about 30008C/s to a temperature of about
�1308C where they are maintained. The quick rate
of freezing and the low final temperature are
necessary to prevent the formation of ice crystals
on a scale large enough to damage the sample.

Fig. 2. Images of magnetization within an iron gadolinium

multilayer, imaged at the iron LIII (a) and LII (b) edges (707.5

and 720.5 eV, respectively). The expected contrast reversal of

X-MCD between the edges can be seen.
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The freezing is accomplished by blowing helium
gas, cooled to liquid nitrogen temperature, across
the sample. Once the sample is properly frozen, it
is able to withstand many exposures without any
apparent changes in the morphology. During one
test, the edge of the nuclear membrane of a
fibroblast cell was imaged 40 times with no
noticeable changes due to the accumulated radia-
tion dose. Fig. 3 shows a cryogenically preserved
3T3 fibroblast cell. The cryogenic preservation
allows imaging of the cell with remarkable detail.

5. Conclusion

Recent qualitative improvements including im-
proved spatial resolution, cryogenic sample pre-
servation, and the ability to image magnetic
domains within samples provide new opportunities
for X-ray microscopy as an important scientific
tool. In particular, soft X-ray microscopy in
combination with X-MCD for imaging of mag-
netic microstructure is a powerful tool for
technologically relevant current nanopatterned

magnetic media. With these capabilities, the XM-1
is in use for high resolution imaging of a wide
variety of scientific studies including biology and
magnetic materials.
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Fig. 3. Image of cryogenically preserved 3T3 fibroblast cells.
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