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We demonstrate phase imaging by means of resonant soft x-ray holography. Our holographic phase-contrast
method utilizes the strong energy-dependence of the refractive index at a characteristic x-ray absorption
resonance. The general concept is shown by using a Co /Pd multilayer sample which exhibits random nano-
sized magnetic domains. By tuning below the Co L-edge resonance, our quantitative and spectroscopic phase
method allows high-contrast imaging of nanoscale electronic and magnetic order while increasing the probing
depth and decreasing the radiation dose by an order of magnitude. The complex refractive index is quantita-
tively obtained through the interference between resonant and nonresonant scattering.
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Over the last decade, phase contrast imaging in x-ray mi-
croscopy has been employed to enhance image contrast in
weakly absorbing specimens such as biological or polymer
samples.1–6 Phase sensitivity can be realized in differential
interference �phase gradient� contrast and Zernike phase con-
trast methods. These real space techniques require special
optical elements for rendering phase modulations imposed
on the wave field by the object. At present, all real space
x-ray imaging techniques are limited to a spatial resolution
of about 15 nm by x-ray optics.7 In contrast, lensless imag-
ing methods based on coherent x-ray scattering are only lim-
ited by the wavelength and not by optics, and are thus ca-
pable of achieving wavelength limited resolution. This
approach is based on retrieving a real space image from a
reciprocal space interference or “speckle” pattern of the
sample. Image reconstruction can be performed either di-
rectly from the speckle pattern by phase retrieval
algorithms8–11 or by experimentally encoding the speckle
pattern by a reference wave in the so-called Fourier trans-
form holography �FTH�, where the real space image is ob-
tained by simple Fourier transform inversion.12–14

Here, we demonstrate phase imaging using resonant soft
x-ray holography. The technique is based on tuning the pho-
ton energy to an element-specific core electron binding en-
ergy of the sample, and utilizing the fact that the real part
�phase� and the imaginary part �absorption� of the complex
refractive index n��� have resonant maxima at slightly dif-
ferent energies in the vicinity of an absorption resonance,
thus providing enhanced image contrast. A phase-dominated
x-ray hologram is recorded by tuning the photon energy just
below the absorption resonance �peak�. In contrast, an
absorption-dominated x-ray hologram is recorded at slightly
higher energy by tuning to the absorption peak itself. Both
methods rely on the reconstruction of the real space sample
transmittance from the Fraunhofer diffraction pattern by us-
ing either the real or imaginary part of the Fourier transform.
Phase imaging offers an important advantage over absorption
imaging. It decreases electronic excitations which may result

in radiation damage while utilizing the resonant maximum in
the phase to enhance sensitivity to ultrathin structures and
buried interfaces with nanoscale resolution. The utilized
resonant aspect of x-ray scattering furthermore combines
structural with electronic and magnetic information, render-
ing this approach applicable to many research fields such as
magnetism and correlated materials as well as polymeric or
macromolecular systems.

We demonstrate the general concept by direct comparison
of holographic phase and absorption imaging of nanoscale
magnetic domains in a Co /Pd multilayer tuning the x-ray
energy across the Co L-edge resonance. We show through a
quantitative analysis how the phase and absorption informa-
tion of the object is encoded in the symmetry dependent
interference terms between charge and magnetic scattering.
The symmetry properties provide more information about the
object texture which in turn can aid image reconstruction
from non-holographic speckle patterns. We also show that
phase imaging lessens the impact of beam stops. Finally, the
radiation dose using resonant phase imaging is shown to be
effectively ten times smaller for comparable image contrast
than absorption imaging. The phase method is fully compat-
ible with multiple reference FTH, which improves image
quality by simultaneously recording multiple images.15

Therefore, our results also suggest how to mitigate sample
perturbations or damage in resonant ultrafast single-shot im-
aging with x-ray lasers.

Experiments were performed on the soft x-ray beam line
5-2 at the Stanford Synchrotron Radiation Laboratory using
the experimental arrangement illustrated in Fig. 1. Circularly
polarized x rays from an undulator source were energy fil-
tered by a spherical grating monochromator. The photon en-
ergy was tuned to the Co L3 edge ��=1.59 nm� with an
energy resolution E /�E�4000, yielding a longitudinal co-
herence length of �l=6.4 �m. The beam was spatially fil-
tered resulting in a transverse coherence length of �t
�5 �m in the sample plane. The coherent small angle scat-
tering pattern of the transmitted beam was recorded with an

PHYSICAL REVIEW B 76, 214410 �2007�

1098-0121/2007/76�21�/214410�5� ©2007 The American Physical Society214410-1

http://dx.doi.org/10.1103/PhysRevB.76.214410


in-vacuum backside-illuminated charge-coupled device
�CCD� camera with 1300�1340 pixels of 20 �m in size.
The distance r from the sample to the CCD was r
=135 mm, corresponding to a field of view of 6�6 �m2.
Part of the experiments were also performed on the UE52-
SGM beam line at BESSY �setup described in Ref. 16�.

The magnetic �Co �2.5 Å� /Pd �9 Å��125 multilayer was
sputter deposited on the front side of a 125�75 �m2 Si3N4
membrane. This sample has a higher perpendicular magnetic
anisotropy, fewer closure domains at the surface, and a
higher transmission than previously investigated Co /Pt
samples.14,16 A 1 �m thick Au film, which is effectively
opaque to soft x rays, was sputter deposited onto the back
side of the membrane. The holographic structure was pat-
terned into the Au film using focused ion beam �FIB�
milling.14 That way, an object aperture of 1.4 �m diameter
was cut into the Au layer, stopping at the Si3N4 membrane. A
scanning electron microscopy �SEM� image of the front side
of the holographic mask is shown in Fig. 1. The object ap-
erture is visible through the membrane. Two 90 nm sized
reference holes are also visible. Both penetrate the entire
structure 4 �m away from the object center. The easy mag-
netization direction of the multilayer was along the surface
normal, and a magnetic worm domain pattern was created by
demagnetization of the sample. The x-ray magnetic circular
dichroism effect �XMCD� in transmission was used for mag-
netic contrast.

The transmittance of a thin sample at wavelength � de-
pends on the index of refraction n=1−�+ i	,17 circular po-
larization 
= ±1, and the sample thickness d according to

T
��,�� = exp�i
2�

�
�

0

d

�n
��,�,� − 1�d� . �1�

In the limit of weak contrast, i.e., d	�, Eq. �1� simplifies to,
T
�� ,��
1− i�
�� ,��−�
�� ,��, since in the soft x-ray
range the dispersive and absorptive parts are small, � ,	
�10−3. The absorbing �= �2�d /��	 and the phase-shifting
sample properties �= �2�d /��� form the diffraction pattern
and are characterized by the complex transmittance T�� ,��.
Note that the real part � of the refractive index generates the
imaginary phase component � of T�� ,��. In the Fraunhofer
regime, the diffraction pattern reduces to a Fourier transform
of the autocorrelation, T�x ,y�=��T�� ,��T*��−x ,�−y�d�d�,
of the exit wave, i.e., the electric field distribution in the
�x ,y� plane directly behind the object. Because of the linear-
ity of the Fourier transform, an absorption and phase recon-
struction of the sample transmittance is simultaneously ob-
tained from the respective real and imaginary parts of T.

With x rays, we utilize the highly energy-dependent index
of refraction in the vicinity of an absorption resonance �see
Fig. 4� to select between phase and absorption imagings.
Holograms where the image contrast primarily results from
differences in either the absorption or the phase are shown in
Fig. 2. The phase hologram in Fig. 2�a� was recorded by
tuning the photon energy to 776.5 eV, or 1 eV below the
absorption threshold, where the absorptive part 	 is strongly
reduced. For the absorption hologram in Fig. 2�b�, the pho-
ton energy was tuned to maximum absorption at 778.3 eV,
where the dispersive part � vanishes. Both patterns �a� and
�b� were recorded with right circularly polarized x rays.
Hence, by changing the photon energy by a few eV, real and
imaginary parts of the complex transmittance can be probed
separately. In total, N=8�108 photons were accumulated in
each hologram with a photon flux of 	4�106 photons /
�s �m2� impinging the sample. For the phase hologram, the
225 s accumulation time was 6.5 times shorter due to the
higher transmission of the sample. In fact, at the energy of
maximum absorption, 778.3 eV, the 1 /e x-ray absorption
length 1 /�=ln�I0 / I�d becomes as short as 17 nm but in-
creases by a factor of 30 with 35% of the optimum absorp-
tion contrast at the energy of the phase hologram, 776.5 eV.
Since the scattered intensity is proportional to the scattering
contrast, the radiation dose is effectively ten times smaller
for comparable image quality.

The prominent features in the x-ray holograms have been
described in detail elsewhere.14 The circular fringe pattern
with the distinct magnetic speckles originates from the ob-
ject. The high spatial frequency modulations in the pattern,
resolved in the magnifications �c� and �e� of the center areas
in Figs. 2�a� and 2�b�, are caused by the object-reference
interference. The phase and absorption information of the
domain structure is encoded in the interference of the reso-
nant magnetic scattering with the nonresonant charge scatter-
ing. The corresponding far-field intensities are therefore re-
markably different depending on the resonant contrast
mechanism. By taking the difference between holograms re-
corded with left and right circularly polarized lights in Figs.
2�d� and 2�f�, the charge-magnetic interference remains.18

The charge-magnetic interference reveals an odd centrosym-
metry utilizing �d� the resonant phase contrast at 776.5 eV
and an even centrosymmetry having �f� resonant absorption
contrast at 778.3 eV. These symmetries are expected as they

FIG. 1. Experimental setup for inline holography with soft x-ray
synchrotron radiation from a variable polarization undulator and
spherical grating monochromator. The source is made spatially co-
herent by an aperture. The coherent beam illuminates the holo-
graphic mask fabricated by FIB milling �inset: SEM image�. The
far-field diffraction pattern is recorded with a CCD. A beam stop is
used to eliminate the direct beam.
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ensure the reconstruction of the absorption and phase image
in the respective real and imaginary parts of the autocorrela-
tion T.

In Fig. 3, the symmetry properties of the complex auto-
correlation T are demonstrated for right circularly polarized
x rays at the rising L3 edge where both � and � contribute
having opposite signs. T contains the self-correlations of the
object and the reference in the center and has the object-
reference convolution Tref

�−� �upside-down image� and cross
correlation Tref

* �complex conjugate image� opposed to each
other. The real part of T is thus even centrosymmetric, while
the imaginary part is odd centrosymmetric. This is analog to
the symmetry properties of the charge-magnetic interference.
By conserving the symmetry, the Fourier transformation of
the noncomplex diffraction pattern reassembles the absorp-
tion and phase images in the real and imaginary part of T,
accordingly. Phase or absorption imaging thus requires ap-
propriate determination of the center of symmetry, i.e.,
q=0; otherwise possible shifts in the diffraction pattern
cause cross-talk between the real and imaginary parts in the
autocorrelation.

Typically, due to the limited dynamic range of CCDs, the
presence of the direct beam on the detector impedes the high-
q information which determines the real space resolution. If
beam stops are used to eliminate the central beam, the qual-
ity of the image reconstruction depends on the appropriate
replacement of the missing low-q part.8 Phase imaging can
partly overcome these problems, since the center area is gov-
erned by the real absorptive part in the transmittance, which
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FIG. 4. Top: real �top row� and imaginary �bottom row� parts of
the complex real space object image obtained from the holographic
difference between left and right circularly polarized x rays as a
function of photon energy across the L3 edge. Bottom: photon en-
ergy dependence of the optical constants � �dashed-dotted� and 	
�dotted� and the differences �� �dashed� and �	 �solid� of the two
polarizations. Spectra are provided by Kortright et al. �Ref. 19�.
Data points are taken from the image contrast.
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FIG. 2. �Color online� �a� Phase and �b� absorption holograms,
recorded with right circularly polarized x rays at 776.5 and
778.3eV, respectively. �c� and �e� are magnifications of the centers
of the phase and the absorption holograms �a� and �b�. The photon
counts are shown on a logarithmic scale. �d� and �f� show the dif-
ference between holograms recorded with left and right circularly
polarized x rays of the center area at respective photon energies.
The beam stop was replaced by an Airy disk to a momentum trans-
fer of q=0.002 nm−1.

a
T

(-)

T
(-)

T*

T*

1

1

2

2

2 m�

b
T

(-)

T
(-)

T*

T*

1

1

2

2

FIG. 3. �a� real part and �b� imaginary part of the autocorrelation
as obtained at 777.7 eV with right circularly polarized x rays. The
center in the real part is saturated due to limited gray scale range.
Object-reference convolutions and cross correlations are indicated.
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is T
=1−��� ,���1. In our experiment, a round 200 �m
beam stop held by a wire of 14 �m in diameter was used to
block the direct beam. The hidden low-q information was
replaced in first approximation by fitting an Airy function up
to q=0.002 nm−1, corresponding to the diffraction from the
object aperture, as shown in Fig. 2. This even centrosymmet-
ric replacement leads to finite ringing effects in the autocor-
relation, whereby the absorption image is much more af-
fected than the nearly undisturbed phase image.

The direct relation between images recorded by absorp-
tion and phase contrast is demonstrated in Fig. 4. The recon-
structed images were obtained at characteristic photon ener-
gies across the L3 absorption edge from the holographic
differences �T�−�=T+1

�−�−T−1
�−� of right and left circular polar-

ized lights �
= ±1�. The magnetic absorption contrast �top
row� varies as expected being maximal at the absorption
resonance energy. The magnetic phase contrast �bottom row�
first exhibits the inverted contrast before the absorption edge
and then reverses its sign with an overall dispersive-like en-
velope, a clear indication of phase contrast sensitivity. Please
note that 778.3 eV is slightly above the L3 edge and thus, a
small and reverted phase image is remaining. The complex
image contrast can be further quantitatively analyzed. The
contrast in the images is due to the domain pattern in the
magnetic Co layers of constant total thickness d=31.3 nm. In
principle, the optical constants can then be absolutely deter-
mined from the ratio of the two autocorrelations for 
= ±1
according to Eq. �1�. Here, limited by missing low-q infor-
mation, the spin-dependent index of refraction for Co has
been relatively extracted from the black and white contrasts
corresponding to up and down oriented magnetic domains
and plotted against the photon energy. The data have then
been rescaled by a single scaling factor to match the Co
optical constants which had previously been determined for a
Co /Pt multilayer from x-ray absorption and XMCD spectra
in Ref. 19.

Finally, by recording both the phase and the absorption
dominated holograms, more information about the object
texture is provided, as revealed in Fig. 2. This can be used to
aid recovery of its image in nonholographic diffraction ex-
periments with a modified phase retrieval algorithm. This
type of experiment can only be performed with resonantly
tuned x rays, where the photon energy or wavelength is var-
ied by a few permille only around specifiable and well-
separated absorption edges.

In conclusion, we have demonstrated phase imaging with
resonantly tuned soft x rays by means of Fourier transform
holography. Our high contrast method provides nanoscale
images of the electronic and magnetic structures by utilizing
a resonance in the phase and avoiding an adjacent resonance
in absorption. As such the technique should be of great value
for radiation sensitive samples, such as biological specimens
or polymers. In such systems, phase contrast just below the
K-absorption edges of important elements such as carbon,
nitrogen, oxygen, or sulfur will reduce radiation damage and
enhance the sensitivity to buried ultrathin interfaces.20 We
also propose that the combination of phase and absorption
information available in the diffraction patterns can improve
current phase retrieval algorithms in coherent scattering. Fi-
nally, we suggest that phase imaging in combination with
multiple reference FTH provides an effective path to allevi-
ate sample perturbations in resonant ultrafast single-shot im-
aging with x-ray lasers.
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