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Structure)
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The k-edge absorption in 
isolated atoms and in a solid 
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The atomic absorption cross section
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The photoabsorption energy
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The photoabsorption energy
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The photoabsorption energy
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A typical (FeO) 
solid state k-edge 
spectrum. 
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The absorption coefficient in the dipole approximation 
and for wavelengths >>r0 is given by:

µ(�ω) =
4π2e2

nm2cω

�
if

|ê · �f | �p |i�|2δ(Ef − Ei − �ω)
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For an isolated atom

µ(�ω) =
4π2e2

nm2cω

�
if

|ê · �f | �p |i�|2δ(Ef − Ei − �ω)
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For an isolated atom

Transitions to excited bound states

µ(�ω) =
4π2e2

nm2cω

�
if

|ê · �f | �p |i�|2δ(Ef − Ei − �ω)
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Isolated atoms: the Ne K-edge excitation
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Internal wave source
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Internal wave source
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Internal wave source
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Internal wave source
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For a two atom system

µ(�ω) =
4π2e2

nm2cω

�
if

|ê · �f | �p |i�|2δ(Ef − Ei − �ω)
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The EXAFS function

We define the function χ(k) as:

in which, of course

and

χ (k) =
µ− µ0

µ0

k =

�
2m

�2
(�ω − Eb)

µ0 (�ω) ∝ |ê · �i| �p |f0�|2
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µ(ω ) = 4π2e2

nm2cω
ê ⋅ f p i 2

if∑ δ (Ef − Ei − ω )

Multi-atom systems

at high energy, the final wave function can be approximated by

in which |δf⟩ is the (small) perturbation to the single atom final 
state. So:

f ≈ f0 + δ f

 
µ(ω )∝ ê ⋅ i p f0 + i p δ f( ) 2
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Multi-atom systems

 
µ(ω )∝ ê ⋅ i p f0 + i p δ f( ) 2

 

µ(ω )∝ i ê ⋅ p f0
2
1+ i ê ⋅ p δ f

f0 ê ⋅
p i *

i ê ⋅ p f0
2 + C.C.

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

and by substituting and expanding:

which means that

 χ(k)∝ i ê ⋅ p δ f
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A BRB

I II III

A two atom system
The electron photoemitted by atom A is back-scattered 
by atom B. For the potential we use the muffin tin 
approximation: 

V
(r

)
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Two-atom systems

In region I, the outgoing  wave is f0.

In region II, the outgoing wave is modified into: 

At B we can assume the interaction occurs only with core 
electrons (if the energy is high enough) and therefore neglect 
the curvature. The amplitude of the back-scattered wave is:

i e
i kr+δ1( )

2kr

in which δ1 takes into account the matching of the waves.

 
f k,π( ) = 1

k
−1( ) 2l +1( )eiδ sinδ=0

∞∑
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Two-atom systems

f(k,π) is a particular case of:

 
f k,θ( ) = 1

k
2l +1( )eiδ sinδP cosθ( )

=0

∞∑

in which Pℓ(cosθ) 

a r e L e g e n d r e 
polynomials
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Two-atom systems

phase shifts δ1 calculated for copper
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Two-atom systems

and finally in region I for r´=RB we get:

δψ f =ψ f
0if k,π( )i e

2ikRB

2kRB
2 e

2iδ1

which inserted into the expression for χ gives:

χ k( ) = 1
kRB

2 Im fB k,π( )e2i(kRB +δ1 ){ }

So, in region II, the back-scattered wave is: 

i e
i kRB +δ1( )

2kRB

f k,π( )i e
i k ′r +δ1( )

2 ′r
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Two-atom systems

By separating modulus and phase of the complex back-
scattering amplitude:

we get:

fB k,π( )e2ikδ1 = fB k,π( ) e2iφ

χ k( ) = 1
kRB

2 fB k,π( ) sin 2kRB + φ k( )⎡⎣ ⎤⎦
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Extension to many-atom systems

By summing the contributions from all atoms surrounding 
atom A:

χ k( ) = 1
k

1
Rj
2j∑ Im f j k,π( )e2i(kRj +δ1 ){ }
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Inelastic effects
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Inelastic effects

•Intrinsic inelastic effects
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Inelastic effects

•Intrinsic inelastic effects
occur at the absorbing atoms (failing of the “frozen level” 
approximation) and reduce the coherent EXAFS signal by a 
factor 0.7 to 1.0
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Inelastic effects

•Intrinsic inelastic effects
occur at the absorbing atoms (failing of the “frozen level” 
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Inelastic effects

•Intrinsic inelastic effects
occur at the absorbing atoms (failing of the “frozen level” 
approximation) and reduce the coherent EXAFS signal by a 
factor 0.7 to 1.0

•Extrinsic inelastic effects
occur during the path between absorber and scatterers 
(mean free path)

χ k( ) = S0
2

k
e
−2Rj
λ

Rj
2j∑ Im f j k,π( )e2i(kRj +δ1 ){ }
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Electron mean free path
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Coordination shells

A real system will have neighboring atoms at different 
distances and of different types. We can add all these 
contributions to get a slightly different version of the EXAFS 
equation:

χ k( ) = S0
2

k
Ns

e
−2Rs
λ

Rs
2

s
∑ Im fs k,π( )e2i(kRs +δ1 ){ }
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Disorder

We can identify three sources of disorder:
•thermal disorder
•structural disorder
•compositional disorder

We can take disorder into account by introducing a 
distribution function ρ(x) so that the EXAFS equation for one 
shell  becomes:

χs k( ) = S0
2

k
Ns Im fs k,π( )e2iδ1 ρ r( )e

−2r
λ e2ikr

r2
dr

0

∞

⌠
⌡⎮

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
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If we can assume that disorder has a harmonic behaviour we 
can write the so-called EXAFS standard formula:

χ k( ) = S0
2

k
Ns fs k,π( ) e

−2Rs λ (k )e−2k
2σ s

2

Rs
2

s
∑ sin 2kRs + φ k( )⎡⎣ ⎤⎦
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One of the first EXAFS measurements (Sayers, Stern and 
Lytle) showing the effect of disorder in Ge 
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Scattering amplitude and phase shift depend on the atomic number

The scattering amplitude f(k) 
peaks at different k values 
and extends to higher-k for 
heavier elements. For very 
heavy elements, there are 
structures in f(k), associated 
with core level excitations, 
as the structures in ϕ(k)

φ
k (
)
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EXAFS measurement scheme

We want to measure the energy dependence of the x-ray absorption coefficient µ(E). It can be measured: 
•Directly by measuring I and I0:

•By measuring the signal from a recombination process of the core-hole, i.e. by measuring the 
fluorescence yield or the Auger yield. In this case:

µ(E) = −
1
d
ln I

I0

⎡

⎣
⎢

⎤

⎦
⎥

µ(E)∝
I f
I0
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Core-hole recombination
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Fluorescence

Core-hole recombination
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Fluorescence Auger

Core-hole recombination
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We want to measure the energy dependence of the x-ray absorption coefficient µ(E). It can be measured: 
•Directly by measuring I and I0:

•By measuring the signal from a recombination process of the core-hole, i.e. by measuring the 
fluorescence yield or the Auger yield. In this case:

µ(E) = −
1
d
ln I

I0

⎡

⎣
⎢

⎤

⎦
⎥

µ(E)∝
I f
I0
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EXAFS data analysis

For Transmission XAFS

µ(E) = −
1
d
ln I

I0

⎡

⎣
⎢

⎤

⎦
⎥
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EXAFS data analysis

Pre-Edge Subtraction 
We s u b t r a c t a w a y t h e 
background that fits the pre-
edge region. This gets rid of the 
absorption due to other edges 
(say, the Fe LIII edge). 

Normalization 
We estimate the edge step, ∆µ0

(E0) by extrapolating a simple 
fit to the above µ(E) to the 
edge. We normalize by this 
value to get the absorption 
from 1 x-ray.
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EXAFS data analysis
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EXAFS data analysis

We set E0 at the maximum slope of µ(E)
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Background (µ0...) 
removal
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Extraction of χ(k)
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Extraction of χ(k)

F(r) = χ(k)W (k)kne2ikrdk
kmin

kmax

∫
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Extraction of χ(k)

F(r) = χ(k)W (k)kne2ikrdk
kmin

kmax

∫

kmin

kmax
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The Fourier Transform of k2χ(k) has 2 main peaks, for the first 2 coordination shells: Fe-

O and Fe-Fe. The Fe-O distance in FeO is 2.14Å, but the first peak is at 1.6Å. This shift 

in the first peak is due to the phase-shift, δ(k): sin[2kR+δ(k)] .

Wednesday, July 10, 2013



Isolating the contribution to the 

EXAFS signal of individual shells

χs (k) = Re ′χ (k)[ ] = As k( )sinΦs k( )

k2
χ s
(k
)(
Å−

2
)

′χ (k) = 2
π

F(r) ′W (r)e−2ikrdr
rmin

rmax

∫
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Extracting structural parameters

Having singled out the contribution of each atomic shell, we can 
fit the data to get the structural information we look for by taking 
into account the atomic properties such as |fs(k,π)|,ϕs,   and λ 
which we can get from theory or from reference compounds.

 S0
2

Wednesday, July 10, 2013



Extracting structural parameters

Having singled out the contribution of each atomic shell, we can 
fit the data to get the structural information we look for by taking 
into account the atomic properties such as |fs(k,π)|,ϕs,   and λ 
which we can get from theory or from reference compounds.

 S0
2

The maximum number of independent parameters we can obtain 
is given by:

 
nind 

2ΔkΔr
π

in which ∆k and ∆r are the ranges of the direct and inverse 
Fourier transforms. Typically ∆k≈9Å−1 and ∆R≈1.5Å, so nind≈9
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Extracting structural parameters

Having singled out the contribution of each atomic shell, we can 
fit the data to get the structural information we look for by taking 
into account the atomic properties such as |fs(k,π)|,ϕs,   and λ 
which we can get from theory or from reference compounds.

 S0
2

The maximum number of independent parameters we can obtain 
is given by:

 
nind 

2ΔkΔr
π

in which ∆k and ∆r are the ranges of the direct and inverse 
Fourier transforms. Typically ∆k≈9Å−1 and ∆R≈1.5Å, so nind≈9

Cautions:
✤check distortions introduced by Fourier filtering;
✤check multiple scattering events for shells beyond 
the first one.
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EXAFS Analysis: Modeling the 1st Shell of FeO

FeO has a rock-salt structure.

To model the FeO EXAFS, we calculate the scattering am-

plitude f(k) and phase-shift δ(k), based on a guess of the

structure, with Fe-O distanceR = 2.14 Å (a regular octahe-

dral coordination).

We’ll use these functions to refine the valuesR,N, σ2
, and

E0 so our model EXAFS function matches our data.

|χ(R)| for FeO (blue), and a 1st shell fit (red).

Fit results:

N = 5.8± 1.8

R = 2.10± 0.02Å

∆E0 = -3.1± 2.5 eV

σ2
= 0.015± 0.005 Å

2
.
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EXAFS Analysis: 1st Shell of FeO

1st
shell fit in k space.

The 1st
shell fit to FeO in k

space.

There is clearly another com-

ponent in the XAFS!

1st
shell fit inR space.

|χ(R)| and Re[χ(R)] for

FeO (blue), and a 1
st
shell fit

(red).

Though the fit to the magni-

tude didn’t look great, the fit

to Re[χ(R)] looks very good.
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EXAFS Analysis: Second Shell of FeO

To add the second shell Fe to the model, we use calculation for f(k) and δ(k) based
on a guess of the Fe-Fe distance, and refine the valuesR,N, σ2

.

Such a fit gives a result like this:

|χ(R)| data for FeO (blue),

and fit of 1
st
and 2

nd
shells

(red).

The results are fairly consis-

tent with the known values

for crystalline FeO:

6 O at 2.13Å, 12 Fe at 3.02Å.

Fit results (uncertainties in parentheses):

Shell N R (Å) σ2
(Å

2
) ∆E0 (eV)

Fe-O 6.0(1.0) 2.10(.02) 0.015(.003) -2.1(0.8)

Fe-Fe 11.7(1.3) 3.05(.02) 0.014(.002) -2.1(0.8)
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EXAFS Analysis: Second Shell of FeO

Other views of the data and two-shell fit:

The Fe-Fe EXAFS extends to higher-k
than the Fe-O EXAFS.

Even in this simple system, there is some

overlap of shells inR-space.

The agreement in Re[χ(R)] look espe-

cially good – this is how the fits are done.

Of course, the modeling can get more

complicated than this!
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XANES
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XANES Analysis: Oxidation State and Coordination Chemistry

The XANES of Cr
3+

and Cr
6+

shows a dramatic dependence on oxidation state

and coordination chemistry.

For ions with partially filled d shells, the p-d hybridization changes dramatically

as regular octahedra distort, and is very large for tetrahedral coordination.

This gives a dramatic pre-edge peak – absorption to a localized electronic state.
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XANES Interpretation

The EXAFS Equation breaks down at low-k, and the mean-free-path goes up.
This complicates XANES interpretation:

We do not have a simple equation for XANES.

XANES can be described qualitatively (and nearly quantitatively) in terms of

coordination chemistry regular, distorted octahedral, tetrahedral, . . .

molecular orbitals p-d orbital hybridization, crystal-field theory, . . .

band-structure the density of available electronic states.

multiple-scattering multiple bounces of the photo-electron.

These chemical and physical interpretations are all related, of course:

What electronic states can the photo-electron fill?

XANES calculations are becoming reasonably accurate and simple. These

can help explain what bonding orbitals and/or structural characteristics give

rise to certain spectral features.

Quantitative XANES analysis using first-principles calculations are still rare,

but becoming possible...
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Edge Shifts and Pre-edge Peaks in Fe oxides

XANES for Fe oxides and metal. The shift of the edge position can be

used to determine the valence state.

The heights and positions of pre-edge peaks can also be reliably used to

determine Fe
3+/Fe2+ ratios (and similar ratios for many cations).
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XANES Analysis: Oxidation State

The Normalized XANES from several Fe compounds:

XANES can be used simply as a fingerprint of phases and oxidation state.

XANES Analysis can be as simple as making linear combinations of “known”

spectra to get compositional fraction of these components.
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XANES Analysis: Oxidation State

The Normalized XANES from several Fe compounds:

XANES can be used simply as a fingerprint of phases and oxidation state.
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spectra to get compositional fraction of these components.
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XANES: Conclusions

XANES is a much larger signal than EXAFS

XANES can be done at lower concentrations, and less-than-perfect

sample conditions.

XANES is easier to crudely interpret than EXAFS

For many systems, the XANES analysis based on linear combinations

of known spectra from “model compounds” is sufficient.

XANES is harder to fully interpret than EXAFS

The exact physical and chemical interpretation of all spectral features

is still difficult to do accurately, precisely, and reliably.

This situation is improving, so stay tuned to the progress in XANES

calculations . . . .
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Visualization of a Lost Painting by Vincent van
Gogh Using Synchrotron Radiation Based X-ray
Fluorescence Elemental Mapping

Joris Dik,*,† Koen Janssens,‡ Geert Van Der Snickt,‡ Luuk van der Loeff,§ Karen Rickers,| and
Marine Cotte!,X

Department of Materials Science, Delft University of Technology, Mekelweg 2, 2628CD Delft, The Netherlands, Centre
for Micro- and Trace Analysis, Department of Chemistry, Universiteit Antwerpen, Universiteitsplein 1, 2610 Antwerp,
Belgium, Kröller-Müller Museum, Houtkampweg 6, P.O. Box 1, 6730 AA Otterlo, The Netherlands, Deutsches
Elektronen-Synchrotron (DESY), Notkestrasse 85, 22603 Hamburg, Germany, Centre of Research and Restoration of
the French Museums, UMR-171-CNRS, Palais du Louvre, Porte des Lions, 14 quai François Mitterrand,
75001 Paris, France, and European Synchrotron Radiation Facility BP220, 38043 Grenoble Cedex, France

Vincent van Gogh (1853-1890), one of the founding
fathers of modern painting, is best known for his vivid
colors, his vibrant painting style, and his short but highly
productive career. His productivity is even higher than
generally realized, as many of his known paintings cover
a previous composition. This is thought to be the case in
one-third of his early period paintings. Van Gogh would
often reuse the canvas of an abandoned painting and paint
a new or modified composition on top. These hidden
paintings offer a unique and intimate insight into the
genesis of his works. Yet, current museum-based imaging
tools are unable to properly visualize many of these hidden
images. We present the first-time use of synchrotron
radiation based X-ray fluorescence mapping, applied to
visualize a woman’s head hidden under the work Patch
of Grass by Van Gogh. We recorded decimeter-scale, X-ray
fluorescence intensity maps, reflecting the distribution of
specific elements in the paint layers. In doing so we
succeeded in visualizing the hidden face with unprec-
edented detail. In particular, the distribution of Hg and
Sb in the red and light tones, respectively, enabled an
approximate color reconstruction of the flesh tones. This
reconstruction proved to be the missing link for the
comparison of the hidden face with Van Gogh’s known
paintings. Our approach literally opens up new vistas in
the nondestructive study of hidden paint layers, which
applies to the oeuvre of Van Gogh in particular and to old
master paintings in general.

Vincent van Gogh is generally recognized as one of the
founding fathers of modern painting.1 In recent decades his work
has undergone extensive art historical and technical study. One

striking feature that emerged is Van Gogh’s frequent reuse of
paintings in order to recycle the canvas.2,3 The artist would simply
paint a new composition on top of an existing work. This is usually
attributed to the artist’s lifelong economic hardship and the rapid,
energetic evolution of his artistic ideas. Visualizing such hidden
paintings is of interest to both specialists in the field of Van Gogh
and the public alike. Covered paintings in general provide an
insight into the making of artworks and the underlying conceptual
changes. In the case of Van Gogh, they also present a touchstone
for comparison with preparatory drawings and the abundant
literary record. The extensive correspondence with his brother
Theo van Gogh, an art dealer based in Paris, is full of remarks by
Vincent on his work.

Nondestructive imaging of such hidden paint layers is usually
realized by means of tube-based X-ray radiation transmission
radiography (XRR). The absorption contrast in these images is
mostly caused by the heavy metal components of pigments
employed, such as lead in lead white or mercury in vermillion.
Conventional XRR, however, has a number of important limita-
tions. First of all, the observed X-ray absorbance is a summation
of all element-specific absorbancies. This implies that the contri-
bution to the overall image contrast due to (low quantities of)
weakly absorbing elements will frequently be obscured by heavier
elements that are present in higher concentrations. Second, prior
to the application of the paint layer, a canvas is usually primed
with a homogeneous layer of lead white. This raises the overall
background of the absorption image derived from the paint layers.
Finally, the polychromatic character of an X-ray tube further
reduces the contrast in radiographic images. As a result, conven-
tional XRR imaging of paintings frequently provides only a
fragmentary view of their substructure, which can severely hamper
the readability of hidden compositions.4

* Corresponding author. Phone: +31-15-2789571. E-mail: j.dik@tudelft.nl.
† Delft University of Technology.
‡ Universiteit Antwerpen.
§ Kröller-Müller Museum.
| Deutsches Elektronen-Synchrotron (DESY).
! Palais du Louvre.
X European Synchrotron Radiation Facility.
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The Netherlands, 2006; pp 231-245.
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X-Ray absorption and 
magnetism
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X-ray absorption spectra of a wedge sample, revealing the composition at 
various points along the wedge. The Fe signal increases from bottom to top 
because of the increasing Fe layer thickness and the Ni signal decreases 
because of the limited electron escape depth of the total electron yield signal 
used to record the spectra. The Cu signal is constant, reflecting its constant 
1nm thickness.
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L-edge x-ray absorption spectra of Fe, Co and Ni in the 
form of the elemental metals and as oxides. 
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L-edge x-ray absorption spectra of Fe, Co and Ni in the 
form of the elemental metals and as oxides. 

L2 (2p3/2) edges 
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L-edge x-ray absorption spectra of Fe, Co and Ni in the 
form of the elemental metals and as oxides. 
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L-edge x-ray absorption spectra of Fe, Co and Ni in the 
form of the elemental metals and as oxides. 

L2 (2p1/2) edges 

Wednesday, July 10, 2013



L-edge x-ray absorption spectra of Fe, Co and Ni in the 
form of the elemental metals and as oxides. 
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Definition of the intensities μ±.

288 Core Level Spectroscopy of Solids

only occur when the spherical symmetry of the free atom is broken due to a magnetic 
! eld and/or an electric ! eld such as crystal ! eld effects. Magnetic ! elds can cause 
both circular and linear dichroism while a crystal ! eld can only induce linear dichro-
ism. Historically, the ! rst predictions for an XMCD experiment were made by Erskine 
and Stern (1975). Later a strong XMLD was predicted (Thole et al., 1985b) and 
measured (van der Laan et al., 1986) in the M4,5 edges of rare earth (RE) elements. The 
! rst XMCD experiment was performed at the K-edge of iron metal (Schütz et al., 
1987, 1988, 1989) and the ! rst L edge XMCD was reported for nickel metal (Chen 
et al., 1990). In this section, the question of the calculation of the XMCD signal is 
addressed. XMCD is the difference in absorption of the left- and right- circularly-
polarized x-rays by a magnetized sample. Over the last 15 years, this ! eld has gained 
much interest because of the promise of the determination of the ground state values 
of the spin and orbital moments using sum rules (Thole et al., 1992). The sign of the 
XMCD signal determines the spin orientation and, in magnetic systems that contain 
more than one (magnetic) element, element speci! c moments can be obtained. The 
use of XMCD is often studied for magnetic systems and devices and also for para-
magnetic metal centers in proteins. In addition to MCD effects in x-ray absorption, 
circularly polarized x-rays can also be used to perform photoemission experiments. 
This yields a number of additional possibilities that are discussed in Chapter 5.

7.2  XMCD EFFECTS IN THE L2,3 EDGES OF TM IONS 
AND COMPOUNDS

7.2.1 ATOMIC SINGLE ELECTRON MODEL

In a magnetic sample, the x-ray absorption is dependent on the polarization of the 
x-ray. This effect can be explained using an atomic, single-electron, model. This 
model describes the transitions of the 2p core state to the 3d valence state. Effectively, 
this transition occurs for systems with a 3d9 ground state. The initial state of Cu2+ 
contains only a single 3d-hole and has a 2p63d9 con! guration. This implies that the 
3d3d interactions are absent and only has the crystal ! eld effects, the 3d spin–orbit 

M

B

+ helicity

M

B

– helicity

FIGURE 7.1 De! nition of the intensities µ±. (From Parlebas, J.C., Asakura, K., Fujiwara, 
A., Harada, I., and Kotani, A., Phys. Rep., 431, 1, 2006. With permission from Elsevier Ltd.)
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Size of magnetic dichroism effects
The XMLD effect is large only in cases where the 

absorption edge exhibits multiplet structure.
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Electronic transitions in conventional L-edge x-ray absorption (a), and x-ray magnetic circular 
x-ray dichroism (b,c), illustrated in a one-electron model. The transitions occur from the 
spin-orbit split 2p core shell to empty conduction band states. In conventional x-ray 
absorption the total transition intensity of the two peaks is proportional to the number of d 
holes (first sum rule). By use of circularly polarized x-rays the spin moment (b) and orbital 
moment (c) can be determined from linear combinations of the dichroic difference 
intensities A and B, according to other sum rules.
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Origin of XMLD for NiO. On the left we show the electronic configurations involved in the 
x-ray absorption process. In the ground state there are two d holes (d2 hole configuration) 
and their energy levels are determined by multiplet and crystal field effects. In the final state, 
a 2p hole is created by x-ray absorption and one d hole is filled by the excited electron. The 
resulting pd hole configuration again gives rise to multiplet splitting and the XAS spectrum 
reflects the multiplet structure. In the paramagnetic state the absorption spectrum of NiO 
does not exhibit a polarization dependence because of cubic symmetry. In the 
antiferromagnetic state the spin-orbit coupling leads to a distortion of the charge density and 
an XMLD effect is observed.
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Example: a magnetic alloy
Observation of x-ray magnetic circular dichroism at the Ru K edge in Co-Ru alloys
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X-ray magnetic circular dichroism spectra have been measured from dilute Ru alloys of Co at the Ru K
edge, evidencing the induced magnetization on Ru in contact with ferromagnetic Co. This was made possible
using circularly polarized probing beams of approximately 22 keV in energy obtained from a germanium
Laue-reflection phase retarder at a synchrotron source. The Ru dichroism is quite small with a main peak of
−3!10−4 in flipping ratio at about 6 eV above the K absorption edge. The spectrum has a very similar profile
to the one of the Co K-edge dichroism. Ab initio calculations indicate that the Ru dichroism is generated by the
p-orbital magnetic moment on the core-hole site, which is induced through the p-d hybridization between Co
and Ru.

DOI: 10.1103/PhysRevB.73.224416 PACS number!s": 75.30.Et, 07.85.Qe, 75.47.Np, 75.70."i

I. INTRODUCTION

Among various magnetic/nonmagnetic-layered structures
of metals, Co/Ru is one of the strongest in the interlayer
exchange coupling.1 This system is of fundamental interest
and finds practical applications in synthetic antiferromag-
netic layers2 for spin valves. Ferromagnetic Co moments in
Co/Ru multilayers couple with each other either parallel or
antiparallel depending on the spacer Ru thickness !tRu". This
has been evidenced using various approaches including
magnetometry,1,3–7 magnetoresistance,6,7 magneto-optical
Kerr effect,8 x-ray magnetic circular dichroism !XMCD",9
and spin-resolved photoemission measurements.10 Most of
the investigations find consistently approximately 1.0 nm in
tRu for the period of the oscillatory coupling. In the
Ruderman-Kittel-Kasuya-Yosida-like theories including the
quantum-interference model,11,12 the interlayer coupling of
the ferromagnetic Co moments is mediated by conduction
electrons in the nonmagnetic spacer Ru layers, which be-
come spin polarized by magnetic interactions with Co at the
interface. The polarization propagates across the Ru layer
and interacts with another Co layer, thereby giving rise to a
coupling between the Co moments.

With this in mind, Rampe et al.10 observed spin asymme-
tries of valence electrons near the Fermi level in 1 atomic-
layer Ru grown on Co!0001" surface by photoemission spec-
troscopy. Harp et al.13 failed, however, to verify the magnetic
polarization of Ru in Co-Ru alloys by x-ray magnetic circu-
lar dichroism measurements at the M edge and concluded
that the peak flipping ratio #p of the XMCD signal is no
greater than 0.005, corresponding to a magnetic moment of
0.03 $B per Ru atom. This is in contrast with the large mag-
netic moment of 0.7 $B reported for adlayers of Ru on
Fe!100" surface.14 The latter was derived from spin-polarized
Auger electron spectroscopy measurements, which show as
well that the polarization is concentrated in an interface re-

gion of 1 atomic-layer thickness. The XMCD observed from
Ru/Fe!001" multilayers at the Ru M and L edges8,15 proves
the magnetic polarization of the Ru 4d states. However, the
K-edge dichroism has never been observed, from either al-
loys or thin films, which probes the Ru 5p states via dipole
1s→5p transition. These states are delocalized and hence
more pertinent to the exchange coupling in layered Co/Ru
and Fe/Ru structures. The lack of reports appears to be due
to the technical difficulty in producing circularly polarized
x-rays of energy as high as 22.1 keV !Ru K edge".

II. LAUE-TYPE X-RAY PHASE RETARDER

In the present study we designed a Laue-type x-ray phase
retarder using the symmetrically equivalent !220" and !22̄0"
reflections of a Ge crystal,16 which allowed us to observe
magnetic dichroism signals from Co-Ru alloys at the Ru K
edge. The phase retarder is a 600-$m-thick germanium plate,
slightly thinner than the optimum thickness for a three-
quarter-wavelength phase plate at 22 keV. This retarder was
used to convert the linearly polarized light !third harmonic"
from the 4-ID-D undulator of the Advanced Photon Source
!APS", Argonne National Laboratory, to circularly polarized
x-rays. In our setup, the !220" reflection scattered x-rays up-
wards and inboard !in the direction of the APS storage ring",
whereas the !22̄0" reflection scattered upwards and outboard
!away from the storage ring" !Fig. 1". The !220" and !22̄0"
reflections thus produce a circularly polarized beam of − and
+ helicities, respectively.16 The forward diffracted O beam
was used in the experiment, whose degree of circular polar-
ization was experimentally determined to be approximately
75%. The phase retarder provides a circular polarization of a
maximal degree at only one specific energy. Over the energy
range of the XMCD scan, however, the polarization rate only
varies by less than a few percents. We focused the x-ray
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IV. RESULTS

The XMCD spectra observed at the Ru K edge are quite
weak, approximately −3!10−4 in peak flipping ratio !"p",
and featured by the pronounced oscillatory structure in the
10–100 eV range off edge !Fig. 4". The 5% Ru and 10% Ru
samples exhibit indistinguishable spectra. The nearly equal
"p values on one hand and the #tjump ratio in agreement with
the Ru concentration ratio on the other hand indicate that all
Ru atoms in the samples are magnetic and contribute to the
dichroism. In addition, the magnetic moment per Ru atom
does not depend on the chemical composition in the range
investigated. This suggests that Ru atoms are dispersed in the
Co matrix without forming clusters and in contact with fer-
romagnetic Co. This is in line with the miscibility of Co and
Ru over the whole concentration range.18

In Fig. 4 we overlay a scaled version of an XMCD spec-
trum observed from a Co/Cu multilayer at the Co K edge.19

The thickness of our Co-Ru alloy samples was not suitable
for measurements at the Co K edge. When displayed on the
E−E0 scale, where E0 is the edge energy !22 117 eV for Ru
and 7709 eV for Co", the Ru and Co spectra fit each other
surprisingly well. The similar Co and Ru spectra are in con-
trast with the distinct Co and Cu spectra measured from
Co/Cu multilayers at the K edges; there, the Cu dichroism
shows a main peak and oscillation features significantly nar-
rower than the Co spectrum. This was ascribed to the incom-
plete screening of the core holes by s+ p electrons in Cu

where the d electrons are quenched.19 The magnitude of the
Ru K-edge dichroism !"p" observed in the present samples
!−3!10−4" almost equals that of the Cu K-edge dichroism
from a Co/Cu multilayer at the second antiferromagnetic
peak of the coupling oscillation.19 This is rather intriguing
since the interlayer coupling energies of Co/Cu and Co/Ru

FIG. 3. Nonmagnetic !top panel" and magnetic !bottom panel" x-ray absorption spectra measured from the Co0.95Ru0.05 !a" and Co0.9Ru0.1
!b" samples near the Ru K edge. In the bottom panel, open circles show raw data obtained using the circularly polarized beams of + and −
helicities, whereas filled circles show the differences divided by 2, giving the background-free dichroic spectra. X-ray count time per energy
point is 320 s !a" and 128 s !b". Data collection time: 20 h !a" and 12 h !b".

FIG. 4. Comparing the dichroic spectra from the Co0.95Ru0.05
and Co0.9Ru0.1 samples at the Ru K edge with the one from a
Co/Cu multilayers at the Co K edge. E0: absorption-edge energy.
Note that the dichroism from induced magnetizations on Ru is one
order of magnitude smaller than the one from ferromagnetic Co.
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Nonmagnetic (top panel) and magnetic (bottom panel) x-ray absorption spectra 
measured from the Co0.95Ru0.05 (a) and Co0.9Ru0.1 (b) samples near the Ru K edge. In 
the bottom panel, open circles show raw data obtained using the circularly polarized 
beams of + and − helicities, whereas filled circles show the differences divided by 2, 
giving the background-free dichroic spectra. X-ray count time per energy point is 320 
s (a) and 128 s (b). Data collection time: 20 h (a) and 12 h (b).
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The XMCD spectra observed at the Ru K edge are quite
weak, approximately −3!10−4 in peak flipping ratio !"p",
and featured by the pronounced oscillatory structure in the
10–100 eV range off edge !Fig. 4". The 5% Ru and 10% Ru
samples exhibit indistinguishable spectra. The nearly equal
"p values on one hand and the #tjump ratio in agreement with
the Ru concentration ratio on the other hand indicate that all
Ru atoms in the samples are magnetic and contribute to the
dichroism. In addition, the magnetic moment per Ru atom
does not depend on the chemical composition in the range
investigated. This suggests that Ru atoms are dispersed in the
Co matrix without forming clusters and in contact with fer-
romagnetic Co. This is in line with the miscibility of Co and
Ru over the whole concentration range.18

In Fig. 4 we overlay a scaled version of an XMCD spec-
trum observed from a Co/Cu multilayer at the Co K edge.19

The thickness of our Co-Ru alloy samples was not suitable
for measurements at the Co K edge. When displayed on the
E−E0 scale, where E0 is the edge energy !22 117 eV for Ru
and 7709 eV for Co", the Ru and Co spectra fit each other
surprisingly well. The similar Co and Ru spectra are in con-
trast with the distinct Co and Cu spectra measured from
Co/Cu multilayers at the K edges; there, the Cu dichroism
shows a main peak and oscillation features significantly nar-
rower than the Co spectrum. This was ascribed to the incom-
plete screening of the core holes by s+ p electrons in Cu

where the d electrons are quenched.19 The magnitude of the
Ru K-edge dichroism !"p" observed in the present samples
!−3!10−4" almost equals that of the Cu K-edge dichroism
from a Co/Cu multilayer at the second antiferromagnetic
peak of the coupling oscillation.19 This is rather intriguing
since the interlayer coupling energies of Co/Cu and Co/Ru

FIG. 3. Nonmagnetic !top panel" and magnetic !bottom panel" x-ray absorption spectra measured from the Co0.95Ru0.05 !a" and Co0.9Ru0.1
!b" samples near the Ru K edge. In the bottom panel, open circles show raw data obtained using the circularly polarized beams of + and −
helicities, whereas filled circles show the differences divided by 2, giving the background-free dichroic spectra. X-ray count time per energy
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FIG. 4. Comparing the dichroic spectra from the Co0.95Ru0.05
and Co0.9Ru0.1 samples at the Ru K edge with the one from a
Co/Cu multilayers at the Co K edge. E0: absorption-edge energy.
Note that the dichroism from induced magnetizations on Ru is one
order of magnitude smaller than the one from ferromagnetic Co.
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Comparing the dichroic spectra from the Co0.95Ru0.05 and Co0.9Ru0.1 samples 
at the Ru K edge with the one from a Co/Cu multilayers at the Co K edge. E0: 
absorption-edge energy. Note that the dichroism from induced magnetizations 
on Ru is one order of magnitude smaller than the one from ferromagnetic Co.
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 Local density of states (LDOS) including small s and p contributions for 
Co0.95Ru0.05 alloy

multilayers are very different, 0.3 erg cm−2 versus
5 erg cm−2 at the first antiferromagnetic peak.1 It is to be
seen whether Ru thin films sandwiched between Co layers
show similar spectra to those given in Fig. 4.

V. THEORETICAL CALCULATIONS

To support our experimental results, we performed first-
principle calculations of nonmagnetic !XAS" and magnetic
absorption spectra using the local-density approximation of
the density functional theory. We employed the spin-
polarized relativistic Korringa-Kohn-Rostoker formalism
with the coherent potential approximation20,21 for the hcp
phase of the disordered Co1−xRux alloys !x=0.0537 and
0.1011". Self-consistent potentials were calculated by assum-
ing the experimental lattice constants !a=0.2520 nm,
c=0.4078 nm for the 5% Ru sample", but a marginal effect
of the lattice expansion was found on the XMCD spectra. To
make a direct comparison feasible, we present in Fig. 5 the
theoretical spectra for Ru convoluted with a Lorentzian of
5.3 eV in full width at half maximum !FWHM" !Ref. 22" and
a Gaussian of 1 eV in FWHM, accounting for the finite core-
hole lifetime and the experimental resolution, respectively.
The features of the experimental XAS and XMCD spectra
are reproduced well by the theoretical calculation, although
the latter shows more structures. We calculated the spectra

within the dipole approximation, as we do not see any quad-
rupole feature in the pre-edge nor near-edge regions of the
observed spectra. These features appear to have been be
smeared out by the short core-hole lifetime of Ru.

The corresponding spin and orbital moments are given in
Table I for Co1−xRux. The magnetic moment of Co is slightly
reduced from the pure Co value, whereas Ru acquires a total
spin magnetic moment of 0.1–0.2 !B and a total orbital
magnetic moment of approximately −0.02 !B. We note in
Table I that the p-orbital magnetic moments are similar for
Ru and Co. One may inquire whether this is consistent with
the much weaker Ru dichroism than the Co dichroism ob-
served in Fig. 4, since the K-edge dichroism is predomi-
nantly due to the p-orbital magnetic moment on the core-
hole site.23 In fact, the nonbroadened theoretical Ru spectra
have comparable amplitudes with the nonbroadened Co
spectra. In Fig. 5 the Ru spectra is reduced considerably
because of the large width of the broadening function due to
the short core-hole lifetime !5.3 eV".

The local densities of states are shown in Fig. 6 for Ru. In
the calculation we found strong hybridizations between the
unoccupied p states of Co and Ru. Furthermore, the orbital

TABLE I. Orbital-resolved spin !!s" and orbital !!o" magnetic
moments !in !B/atom" for Co and Ru in Co1−xRux alloys.

Co Ru

x !s !o !s !o

0.0537 s −0.012 0 −0.017 0
p −0.054 0.001 −0.047 0.001
d 1.614 0.072 0.263 −0.018
Sum 1.548 0.073 0.199 −0.017

0.1011 s −0.011 0 −0.016 0
p −0.048 0.001 −0.044 0.001
d 1.566 0.071 0.175 −0.017
Sum 1.507 0.071 0.115 −0.016

FIG. 5. Experimental !circles" and calculated !lines" XAS
!top panel" and XMCD !bottom panel" spectra near the Ru K edge
!E0=22.117 keV".

FIG. 6. Local density of states !LDOS" including small s and p
contributions for Co0.95Ru0.05 alloy.
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