
Lawrence Berkeley National Laboratory
LBL Publications

Title
Magnetically modified double-slit-based x-ray interferometry

Permalink
https://escholarship.org/uc/item/4kr0109n

Journal
Physical Review Research, 8(2)

ISSN
2643-1564

Authors
Atkar, S
Tumbleson, Z
Morley, SA
et al.

Publication Date
2026-04-01

DOI
10.1103/5njk-mhwg

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4kr0109n
https://escholarship.org/uc/item/4kr0109n#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Magnetically modified double slit based x-ray interferometry
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We demonstrate an experimental approach to determine magneto-optical effects which combines
x-ray magnetic circular dichroism (XMCD) with x-ray interferometry, based on the concepts of
Young’s canonical double slit. By covering one of two slits with a magnetic thin film and employing
XMCD, we show that it is possible to determine both the real and the imaginary parts of the
complex refractive index by measuring the fringe shifts that occur due to a change in the sample
magnetization. Our hybrid spectroscopic-interferometric methodology provides a means to probe
changes in the magnetic refractive index in terms of the electron spin moment.

Fundamental understanding of x-ray-matter interac-
tion is the key to several advanced characterization meth-
ods with wide applications in many scientific areas [1–
5]. The development of these methods relies on accu-
rate and quantitative measurements of optical param-
eters [6–8]. Depending on the photon energy, x-rays
can be used to extract different properties of a mate-
rial or a sample. Soft x-rays (100-2000 eV), in particu-
lar, are used as a spectroscopic probe as it covers bind-
ing energies of several important elements such as car-
bon, oxygen, nitrogen. In addition, by tuning the in-
cident x-ray beam energy to a L or M edge of a tran-
sition metal or rare earth element (the resonant condi-
tion) where the spectroscopic response is maximal, it is
possible to achieve enhanced sensitivity to orbital and
spin properties [9, 10]. An important example of a res-
onance based spectroscopy technique is x-ray magnetic
circular dichroism (XMCD), which is the differential ab-
sorption of x-rays with opposite helicities [11, 12]. To-
gether with x-ray absorption spectroscopy (XAS) and
XMCD, it is possible to determine the complex refrac-
tive index n(ω) = 1 − δ(ω) + iβ(ω), where δ and β

are the real and imaginary components, respectively, de-
scribe the dispersive and the absorptive aspects of the
x-ray-photon-material interaction. While experimental
techniques have measured δ and β, these approaches
were focused towards phase retrieval for imaging pur-
poses [13–16]. For spectroscopic and metrology applica-
tions one can envision combining XMCD with double slit
diffraction. XMCD provides element-specific information
about the magnetic moment, and can be utilized to ob-
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tain element-specific spin and orbital magnetic moments
of the electron [2, 11, 17], while the double slit fringe pat-
tern shifts can be used as a metric to find changes in the
refractive index.

In this Letter, we propose an innovative experimental
set-up that integrates interferometry and XMCD to de-
termine the magnetic refractive index. Utilizing a mod-
ified Young’s double-slit arrangement (see Fig. 1a), we
determine interference fringe pattern shifts induced by
changes in the magnetic part of the refractive index of
an Fe/Gd thin film heterostructure under an applied ex-
ternal magnetic field [18]. We fabricated a specialized
double slit with one open slit, and the other covered by
the heterostructure film. The slits were illuminated by
a coherent x-ray beam tuned to the resonant L3 edge
of Fe (707 eV). Light passing through the slits produces
an interference fringe pattern on an x-ray charge-coupled
device (CCD) camera downstream.

The spin-dependent interaction of circularly polar-
ized x-rays induce magnetic sensitivity in the double-slit
diffraction pattern. In our measurements, we track the
lateral shift of the fringe pattern for both the circularly
plus (σ+) and the minus (σ−) polarized x-rays. By ap-
plying a varying external magnetic field and tracing hys-
teresis loops in the resultant pattern shift, we observe the
coupling of optical properties to the applied field. This
combination of interferometry with XMCD provides sen-
sitivity to magnetization changes and enables us to iden-
tify the difference in the population of spin-up and spin-
down electrons that gives rise to a net moment in the
material.

At the resonant condition, the scattering factors be-
come a complex quantity. The contribution to the scat-
tering signal from the charge and magnetism can be de-
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termined. Consequently, it is possible to determine the
charge and magnetic contribution to dispersion δ and β,
as well as charge and magnetic thicknesses [19, 20]. The
interferometric method allows us to retrieve δ(ω). Upon
transmission, the phase (or optical path length) of the
light passing through the covered slit varies relative to
the open slit. The optical path difference ∆l is related
to the measured phase by ϕ = k∆l, where λ is the x-
ray wavelength and k = 2π/λ is the wavenumber. For
a material thickness tf , the path difference induced by
transmission is related to the real-part of the refractive
index by (n(ω)− 1)tf = −δ(ω)tf . With prior knowledge
of δ(ω) (or thickness) and by analyzing the fringes of
the resulting intensity interferogram as a function of the
applied magnetic field, we can determine the magnetic
thickness, i.e., the thickness of the sample that produces
magnetism and may or may not be equal to the actual
thickness of the film of the sample (or magnetic disper-
sion (δ(ω)magnetic)).

Experiments were conducted at the COSMIC-
Scattering beamline (BL 7.0.1.1) of the Advanced Light
Source at Lawrence Berkeley National Laboratory, us-
ing a canonical Young’s Double Slit configuration. (See
Fig. 1(a).) A high degree of transverse coherence in the
incident x-ray beam was established with a 7µm pin-
hole placed about 5 mm before the slits. The energy
of the incident beam was varied across the Fe L edges
(700-730 eV) and data was measured using circularly po-
larized light. Within this energy range variations in the
coherent flux, degree of polarization of the incident beam
were negligible. The double slit consists of two slits, each
nominally 100 nm wide, separated by ≈ 10µm, center to
center. The 100 nm × 60µm slits were created by fo-
cused ion beam milling, producing one through-slit and
one with the sample. The slit covered with our sample,
consisted of a 34 nm-thick Fe/Gd multilayer. A 600-nm-
thick layer of Au was deposited on its back-side to pro-
vide the slit mask with transmittance below 10−4. The
Fe/Gd specimen was sputter deposited at room temper-
ature in an ultrahigh vacuum environment under 3 mm-
Torr of Argon. To grow the multilayer, alternating Fe
0.34 nm and Gd 0.40 nm films were deposited, and the
process was repeated until a 100 bilayer repetitions were
achieved. A 5 nm thick seed and capping layer of Ta was
used to protect the sample from oxidation. The sample
was grown on an SiN membrane that is 100 nm thick on
a 5 mm × 5 mm Si frame. Details of the Fe/Gd sample
synthesis and characterization have been published else-
where (see references [21]). A Charge Coupled Device
(CCD) camera, used to record the interference patterns,
was placed 93 cm downstream of the slits. Images were
acquired with 400 ms exposure time, a frame size of 1024
× 1024 pixels, with spixel = 13.5µm square pixels. In

the data collection, 20 successive frames were averaged.
A central beam-stop blocked the bright central region
to prevent detector saturation and increase the dynamic
range of the fringe pattern measurement. The incident
beam energy was tuned to the Fe L3 edge to achieve the
resonant condition so as to get the magnetic sensitivity
in the data.

Two types of measurements were performed: (a)
diffraction measurements as a function of incident beam
energies, and (b) measurement as a function of the ap-
plied magnetic field. For the magnetic field experiments,
and an out-of-plane external magnetic field was applied
in-situ within the field range of -1500 G to +1500 G,
and back. We note that although the saturation mag-
netization is reported to be ∼ 5000 G, the experimental
end-station allowed us to investigate only up to 1500 G.
All the measurements were performed using σ+ and σ−
incident x-ray light tuned to the Fe L3 edge.

We extracted the fringe-pattern shifts (∆Y ) from
the recorded x-ray intensity images of the diffraction-
interference pattern via a phase-correlation image regis-
tration algorithm [22]. This algorithm is resilient to noise
and occlusions in the images of the recorded intensity
patterns. Furthermore, sub-pixel precision is achieved
by calculating a weighted centroid around the Fourier
peak, eliminating the need for extensive upsampling of
the Fourier transforms. In contrast, the first-order com-
ponent of the Fourier Transform provides a determinis-
tic assessment of ∆Y as interferences typically exhibit
a single frequency. This approach has been previously
employed for phase extraction from interferograms [23].

The image registration algorithm uses the Fourier shift
theorem [22], which relates shifts in real space to phase
differences in the frequency domain. By taking the in-
verse Fourier Transform of the cross-power spectrum, de-
rived from the 2D Fourier Transform of the interferogram
images, the position of the peak corresponding to the
fringe shift (∆Y ) is determined. The reliability of these
values depend on the signal response of the cross-power
spectrum, which is normalized to unity. The closer this
response is to one, the more dependable the algorithm’s
results are, indicating a distinct peak that accurately re-
flects the image shift.

The lateral fringe shift is ∆Y = ∆ϕ(L/2π), where ∆ϕ

and L are the relative phase and the period of the inter-
ferogram, respectively. From the double-slit geometry,
L can be written as L = λs/d where s is the slit-to-
detector distance, and d is the separation between the
two slits. Substituting the relative phase in terms of the
path length difference ∆ϕ = −kδ(ω)tf , we can combine
these expressions to rewrite the lateral fringe shift as

∆Yσ =
(δσ(ω)− δσo(ω))stf

d
, (1)
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FIG. 1. (a) Schematic diagram of the soft x-ray Young’s Double slit experimental set-up, with images recorded as a function
of external OOP field at the Fe L3 edge (707 eV). A zoomed-in view of the CCD images showcases the interference-diffraction
pattern. (b) The resulting normalized intensity data (blue circles) overlapped with the resulting normalized intensity expression
(red line) obtained from a non-linear least squares fit to the data. The missing intensity data at the center is due to the
beamstop blocking part of the beam. The green rectangle highlights the intensity line cut region utilized in the analysis of
the supplementary video files which show fringe movement with changing magnetic field. The period recording one fringe was
found to be approximately 12 pixels which is equivalent to 162µm, consistent with the double slit fringe width or spatial period
estimate of wf =162.66µm. Details of this calculation can be found in the supplementary file.

where δσo represents the zero field fringe shift pattern of
the interferogram for σ = ± polarized light, which has an
inherent phase accumulation due to the thickness of the
film covering one of the slits. The complex component of
the refractive index β(ω) accounts for x-ray absorption,
and has no affect on the lateral fringe shift.

Figure 1(b) shows normalized 1D line-cuts extracted
from the CCD images. We observe high contrast fringes
with an intensity envelope as expected from double slit
diffraction. The data were fitted with an intensity ex-
pression.

I = Io
sin2 α

α2
cosh β̃

(
sin θ

θ
cos γ̃ + cosh β̃

)
(2)

where β̃ = kβtf and γ̃ = 2γ − kδtf . The above equa-
tion was derived using the concepts of Fraunhofer diffrac-
tion [24]. A detailed derivation of this equation can be
found in the supplementary material. In this expression
α = kby/2s, where y is the vertical position on the de-
tector and b is the slit width; γ = kdy/2s, where d is the
slit separation. The parameter θ controls the envelope
function sin θ

θ which represents the beam’s coherence and
affects fringe visibility [25]. Keeping the parameters k,
s and tf constant, we perform a non-linear least squares
fitting of the intensity pattern. Further details explain-
ing the use of the fitting algorithm (to extract β) and the
shift registration algorithm (to extract δ) can be found
in the supplementary file. Fig. 1(b) shows how the fit-
ted expression compares to the normalized intensity data
points. From the initial fits, we determine the dimensions
of the double slit grating such as the slit width b and slit

separation d to be 101.17 nm and 10.12µm respectively,
which is consistent with the nominal values of 100 nm
and 10µm. Successfully verifying these slit parameters
reinforces the reliability of the intensity data and the fit-
ting expression.

In Fig. 2(a), we show the hysteresis loop in the phase
shift due to the field-induced phase change of the signal.
Figure 2(a) shows the hysteresis curves from the fringe
shift for the σ+ (∆Y+) and σ− (∆Y−) beams, denoted by
the blue and red curves, respectively. A striking differ-
ence is evident in the directionality of the fringe shifts be-
tween the ∆Y+ and ∆Y− curves. Both the curves exhibit
a familiar hysteresis behavior, with the fringes shifting in
opposite directions under similar field conditions, though
to varying degrees.

Figure 2(b) is the loop obtained by subtracting the two
separate loops (∆Y+ − ∆Y−) giving us a signal propor-
tional to the net magnetization. We overlay the data with
smoothed curves, shown as dotted lines, generated using
a Savitzky-Golay filter to highlight the overall trajectory
of the fringe pattern [26]. Applying Eq. (1) we can say
that for ∆Y ∼ 0.1µm, the corresponding magnetically
induced changes in ∆δ(ω) ∼ 5 × 10−5. The difference
∆Y+ −∆Y− stabilizes at 1.5µm.

The expression for dispersion in the x-ray regime is
given by δ(ω) = nareλ

2f0
1 /2π where na is the atomic

number density of the species and re is the electron ra-
dius [1]. This expression, in conjunction with Eq. (1), en-
ables us to relate the fringe shift change to the number
of electrons that produces the refraction index change.
The recorded fringe shifts in micrometers are scaled to
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FIG. 2. Experimental fringe shift recorded through the magnetic hysteresis. (a) shows the registered fringe displacement for
circularly polarized light. The error bars are smaller than the data points (visible upon magnifying the image). Data in the
subsequent panels are derived from (a). Error bars are not displayed. (b) shows the difference between the two curves. The
axis on the right-hand side shows the corresponding change in the scattering factor values (∆f0

1 ). (c) Shows the difference
between the two curves scaled to the difference in the magnetic path length. (d) Shows the hysteresis curves for σ+, σ− and
σ+ − σ− light scaled to display the changes in their respective δ(ω) values with respect to their δ values at Bz = 0 Gauss.

FIG. 3. The complex part of the refractive index vs Energy
obtained from the fitting of the interferogram. Inset show-
cases the diode current values normalized as a measure of
XMCD absorption. The red, blue, and green curves corre-
spond to σ− light, σ+ light, and the dichroic signal (σ+−σ−),
respectively.

δ(ω) − δo(ω) using Eq. (1) by substituting the known
values of the Fe/Gd thickness tf , detector-sample sepa-
ration s, and slit separation d. Incorporating the pre-
viously mentioned expression for the x-ray dispersion,

δ(ω) − δo(ω) is scaled to represent the change in the
number of electrons contributing to the magnetic mo-
ment f0

1 (σ,B) − f0
1 (σ, 0) = ∆f0

1 (σ). The atomic num-
ber density of the Fe/Gd sample is estimated by calcu-
lating the stoichiometric weighted mean of the elemen-
tal number densities using the expression na = NAρ/M

where ρ is the mass density of the element, M is the
molar mass and NA is Avogadro’s number This calcu-
lation yields an atomic number density of 8.53 × 1028
atoms/m3 enabling us to retrieve ∆f0

1 from the fringe
shift data. Furthermore, to plot the change in the mag-
netic path length lm as shown in Fig. 2(c) we employ the
expression lm = (1−δ(m))tf resulting in a direct relation
between the relative path length difference and the rela-
tive change in the dispersion ∆lm = −∆δtf . In Fig. 2(d),
we show the relative change in the δ values (the real part
of the refractive index) for σ+ and σ− light, along with
their difference, as determined from the measured fringe
shifts. The plots reveal that the difference δ(σ+)− δ(σ−)

stabilizes at approximately 5 × 10−4. Note, the order
of magnitude of the extracted δ(ω) values are consistent
with those reported in the literature [27]. Although we
are in the ballpark, our value is still lower than the one
quoted by Kortright. Our sample is FeGd, which is not
fully saturated, while Kortright used elemental Fe. This
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FIG. 4. The rate of fringe shift as a function of the photon
energy as measured by the image registration algorithm. The
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between σ+ − σ− is scaled by a factor of five to enhance its
visibility. The red, blue, and green curves correspond to σ−

light, σ+ light, and the dichroic signal (σ+−σ−), respectively.

could possibly explain the discrepancy between the two
values.

To illustrate the capability of the double slit to isolate
the Fe L3 edge at approximately 707 eV, we performed
energy scans and extracted the β(ω) parameter from the
resulting interferograms using the method described ear-
lier, shown in Fig. 3. The energy scans were carried out
from 705 eV to 730 eV at B = 0 Gauss. The β fit val-
ues were subtracted by βEo, which is the β value at zero
field for the first energy value in the scan (705 eV), to
track the relative change in the β parameter. The two
sharp peaks correspond to the Fe absorption edges and
exhibit the XMCD effect, appearing as a differential ab-
sorption between the two helical beams. The peaks in
the β(ω) fits are consistent with the peaks seen in the
absorption data (shown in Fig. 3 inset). The diode cur-
rent used to measure the absorption is contributed only
by the slit over the sample’s surface. The beginning and
starting of the energy ranges were normalized to lie be-
tween 0 and 1 to represent the ionization from the 2p

level. The peaks at the L3 and L3 edges represent the
electrons undergoing the 2p −→ 3d transition. We note
that the differential absorption is pronounced at the L3

edge, but this is not the case at the L2 edge. A similar
lack of absorption contrast has previously been observed
in Fe3Gd3O12, where Gd atoms are antiferromagnetically
coupled to the Fe moments, reducing the net magnetiza-
tion at the L2 energy [28].

In Fig. 4, we demonstrate the spectroscopic capability
of the double slit set-up. We show that it is possible to
isolate the Fe L3 edge by tracking how the fringe posi-
tions change with the increasing photon energy for σ+

and σ− light. The inset shows the absolute fringe shift
determined using the shift registration algorithm previ-
ously described in the context of Fig. 2. By computing
the derivative of the fringe shift with respect to the pho-
ton energy, we obtain a dominant peak as illustrated in
the main panel, which plots ∂∆Y/∂E vs E. Using this
approach, we are able to reproduce the features of Fig. 3,
particularly the dominant peak at 707 eV, which corre-
sponds to the L3 edge. While this was not the primary
objective of the study, this illustrates that the double-
slit setup can also serve as a spectroscopic tool. The
fringes move rapidly because of the steep changes in the
refractive index near this edge. The magnetic sensitiv-
ity is also enhanced at these energy ranges. However,
dramatic fluctuations in the intensity pattern across the
energy spectrum can compromise the accuracy of the im-
age registration algorithm. This limitation may account
for the difficulty in detecting more subtle features, such
as the Fe L2 edge, via fringe shifts in the energy scans.

The sensitivity of the set-up is determined by the
smallest detectable change in the dispersive part of the
refractive index δ(ω), derived from the quantitative mea-
surement of the fringe shift ∆Y . A conservative estimate
of the registration algorithm allows for a minimum re-
liable detectable shift ∆Ymin of 0.01 pixels [22]. Plug-
ging this into a rearranged iteration of Eq (1) yields
∆δmin(ω) = ∆Ymin(spixel/s)(d/tf ). This implies that
the pixel size or resolution of the CCD detector along
with the slit-to-detector distance s significantly impacts
the sensitivity of the measurement. The separation be-
tween the two slits d is constrained by the focus precision
of the milling ion beam. Essentially, the number of pix-
els per fringe peak, which corresponds to the image res-
olution of a single fringe, determines the accuracy with
which ∆δ(ω) can be isolated. Experimental adjustments,
such as extending s from 1 m to 5 m, combined with en-
hanced resolution, can improve the sensitivity of ∆δ(ω)

to the order of 10−6.
In conclusion, we have presented an innovative and

straightforward approach for accurately measuring the
dispersion of a Fe/Gd film using a modified Young’s
double-slit setup. This was demonstrated at the Fe L3

edge using the contrast between circularly polarized light
to obtain the net magnetic contribution to the dispersion
changes. The results are applicable to any coherent light
source and can be further enhanced with alternative re-
construction schemes to improve precision. Further ex-
periments and studies can entail modifications such as
increasing the detector-sample separation to allow the
registration of even smaller changes, increasing the sen-
sitivity. Using a revised double-slit setup, where only the
top half of one slit is covered by the thin film, can gen-
erate two stacked interferograms, providing a reference
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fringe pattern to more accurately track the fringe shifts.
Our work also opens the door to exploring quantum ma-
terials like ferroelectrics and multiferroics, where optical
properties change under an applied electric field. Addi-
tionally, combining single-shot differential measurements
from the double-slit setup with a pump-probe experiment
and time-resolved spectroscopy could offer an avenue to
investigate Floquet physics in quantum materials by cap-
turing time-dependent changes in the refractive index.
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