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Multilayer-based soft X-ray polarimetry
Franz Schaefers
(BESSY, Berlin, Germany)

Abstract: An overview of the soft X-ray polarimetry udertaken at BESSY over the last 10 years is
presented. At BESSY, ten elliptical undulator beamlines are operating in the VUV and soft X-ray
range, which enables the polarisation state of the synchrotron radiation to be changed from linear
(horizontal or vertical) to left- or right-handed circular. It is essential that the degree of polarisation is
known quantitatively, since this is a normalization quantity for many polarisation-sensitive experi-
ments (e. g. MCD-spectroscopy).

For a polarimetry experiment i. e. the measurement of the polarisation state of light, two optical
elements are required acting as a phase retarder and a linear polariser, respectively. In the soft X-ray
range, specially tailored multilayers (ML) operating in transmission and in reflection have been devel-
oped and optimized for this purpose. By matching the MI-parameters (period, thickness ratio) to an
absorption edge of one of the constituent materials, a resonantly enhanced polarisation sensitivity can
be achieved. Thus, ML-polarimetry is strongly connected with At-Wavelength Metrology of these po-
larisation optical elements, for which the instrumentation and results are presented. Examples of mag-
neto-optical spectroscopy and polarimetry to determine properties of magnetic thin films or optically

active substances are also presented (Faraday and Kerr effect, L-MOKE).
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1 Introduction

Studies of magnetic scattering™™*

neto-opticst”

and mag-
using synchrotron radiation re-
quire knowledge of the beam polarization ,
which is also necessary to characterize EUV op-
incidence an-

tical elements at off-normal

L0131 - The ability to analyze the polarization

gles
state of the beam is of practical importance in e-
valuating the performance of insertion-device

(14 Experimental control

synchrotron sources
and evaluation of a beam’s polarization state can
be obtained with optical devices such as phase

15-17]

retarders and linear analyzers" Periodic

MLs are commonly used to study the polariza-
tion state of EUV and VUV beams'**", which
must be changed or rotated to perform polariza-
tion analyses because of their intrinsically nar-
row wavelength acceptance. This paper reviews
the polarimetry work performed at BESSY, the
German storage ring facility, during the last two
decades.

BESSY operates a medium energy 1. 7 GeV
storage ring with 16 straight sections of which
ten are occupied by soft X-ray undulators, six of
them are elliptical APPLE II-devices for the gen-
eration of polarised light. More than 40 beam-
lines are operational from the IR to hard X-rays
with special emphasis on the soft X-ray range.
Each of the undulators branches the light into
two or more beamlines which are used alterna-
tively. Thus fourteen undulator beamlines and
additionally two polarised bending magnet beam-
lines exploiting the off-plane radiation are dedi-
cated to polarisation sensitive experiments in the
EUV, VUV and soft X-ray range"**!. All these
beamlines had to be characterised with respect to
their polarisation properties.

In section 2 the development and characteri-

sation of special ML-optics for polarisation con-
trol and steering by the At-Wavelength Metrolo-
gy is discussed. This is a prerequisite for polari-
sation spectroscopy. Then the ML-polarimetry
will be dealt with in section 3. In section 4 some
examples of polarisation spectroscopy are given;
a spin-off from the technique of ML-polarime-

try.
2 At-Wavelength Metrology

At-Wavelength Metrology is the measure of
the performance of an optical element at the
wavelength, for which it is designed. Apart
from routine tests employing Cu-Kqg diffractome-
try which delivers information on interfacial
roughness and the quality of the coated reflecting
layers, and apart from long-trace profilometry
which delivers information on the figure and fin-
ish errors of optical surfaces, At-Wavelength
Metrology is the most powerful and most essen-
tial characterisation tool for the development and
characterisation of soft X-ray optics, since opti-
cal properties such as reflectivity are governed
by the optical properties of the materials in-
volved which are strongly dependent on wave-
length.

An example for the necessity of At-Wave-
length Metrology as a “test drive’ is shown in
Fig. 182524,
Si ML, which has a normal-incidence Bragg re-
flection at 45 nm in the UV-region. The ML
with a period thickness of 22. 5 nm has only 10

This is the reflectivity curve of a Sc/

periods, nevertheless it has an extraordinary re-
flectivity of 50 %. The Sc curve is obtained by a
second ML with vanishing reflectivity.

The important point here is that the ML are
nearly identical; they have been sputtered one
after the other in the same chamber under the

same conditions. The only difference between
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Fig. 1 Comparison of two similar Sc/Si multilayers
with Si and Sc top layer coating measured ‘at

wavelength’

them is the outermost layer which is either sili-
con or scandium. A Cu-Ka test gives no differ-
ence in their performance, which means that
their quality, periodicity and interface perfection
are similar, as expected. Such a dramatic effect
can be detected only at the design wavelength.

The UV-region is known to be highly ab-
sorbing, in other words the penetration depth of
the light is rather limited. Thus an optical ele-
ment is contamination and surface-sensitive, be-
cause radiation is absorbed in the outhermost
layer. It is therefore surprising that a ML can
show such a response. This is due to the anoma-
lous optical features of the Sc absorber materi-
al®’. Sc as the first element of the 3d-transition
metals with electronic configuration 3p°3d4s’® has
a nearly empty d-shell with just one electron.
The 3p-3d electronic transition occurs in the
UV-range. Since the d-shell of Sc is nearly unoc-
cupied, Sc has the largest oscillator strength of
all transition metals associated with the largest
absorption.

This is connected with an absorption mini-
mum just below the transition which again is
most pronounced for Sc. So Sc has the potential
of being a good ML absorber material, exclu-
sively in this range. The deeper the absorption

minimum, the larger is the penetration depth of

light,and the larger the penetration depth, the
more layers contribute to the reflection and,
consequently, the larger the reflectance as can
be seen in Fig. 2, where the reflectivity of differ-
ent Sc/Si ML is plotted. Their period was varied
systematically to ensure that the Bragg-maxi-
mum is always at the same angle of 5° to nor-

mal.

Reflectivity

: L]
angue®® |

000 =36 38 40 42 44 46 48
imm

Fig. 2 Normal-incidence reflectivity (§=85°) of Sc/
Si multilayers with different periods meas-

ured in the UV range

It is interesting to note that at the wave-
length of maximum performance, 46. 9 nm, a
powerful table-top X-ray laser line operates™*.,

The working range of ML operation in the
VUV range is limited to the vicinity of the ab-
sorption edges of one of the constituent materi-
als. A resonantly-enhanced performance increase
is thus present at the Si-, B-, and C-K edges and
for the water-window range at the 2p edges of
the rare earth elements. However, performance
degrades with increasing photon energy, because
the material contrast determined by the optical
constants decreases rapidly and the influence of
roughness increases with energy, since the lay-
ers approach monolayer thickness.

At BESSY. a soft X-ray optics beamline for

"I is operational and is coupled to a

metrology™
bending magnet that is equipped with a reflecto-
meter endstation (Fig. 3).

This is a collimated plane grating mono-
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Fig. 3 BESSY soft X-ray optics beamline for At Wavelength Metrology of optical components employing a

plane grating monochromator in collimated light

chromator operating from 20 to 1 500 eV. It can
be tuned to linear or (off-plane) elliptical polari-
sation. By operating the grating using collimated
light'?*) it has flexibility in the operation modes.,
such as high-order suppression, that is essential
for reflectometry.

The most prominent ML for the water win-
dow is Cr/Sc for operation at either the Sc or Cr
2p absorption edges. Their evolution and im-
provement has been studied over the last dec-

adel?*01,

types of reflectors for the Sc-near edge region:

As shown in Fig. 4, we developed two

Brewster angle mirrors for polarimetry purposes
operating close to 45° incidence angle and normal
incidence mirrors for water-window microscopy
and N-K fluorescence analysis applications. The
reflectivity could be increased by more than a
factor of two in both cases and a 20% normal in-
cidence reflectivity at 400 eV within a 1 eV
bandwidth is available today™. Such a high-tech

mirror requires a sophisticated layer-by layer

production and atomic scale interface engineer-
ing, accompanied by ion assisted deposition. An
angular scan providing a depth profile of the ML
confirms the high individual layer conformity.

A survey of all the individual reflection data
collected over the years is given in the Fig. 5.
Plotted is the peak reflectivity in normal inci-
dence. Each data point corresponds to one indi-
vidual ML. The resonance behaviour of the re-
flectivity is clearly seen at all the absorption ed-
ges up to the Ti and V 2p-edges above 500 eV
which seems to be the practical limit for normal
incidence spectroscopy. A similar figure can be
constructed for the case of Brewster-angle po-
larisers operating at 45°, Since the ML-period in
this case is larger by a factor of 1/sin(45°) for
the same photon energy, polarisers are available
at the 2p edges of the magnetic elements Fe, Co
and Ni where most of the polarisation spectros-

copy is being performed.
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Fig. 4 Evolution of Cr/Sc reflectivity in the water
window during the last decade. Normal inci-
dence and Brewster angle
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Fig. 5 Experimental multilayer survey for the UV,
EUV and soft X-ray range. Normal incidence

reflectivity is shown only (0>>80°)

3 Multilayer polarimetry

Multilayer polarimetry is a spin-off from At
Wavelength Metrology. The detailed knowledge
of the polarisation properties of MLs is a prereq-
uisite to its application to the measurement of
the complete polarisation state of synchrotron
radiation. This follows standard optics text-
books by employing two optical elements which
are azimuthally rotated around the direction of
the light, a polariser to introduce a phase retar-
dation and an analyser for linear polarisation a-

nalysis™.

An ideal polariser retards the phase by a
quarter of a wavelength, and does not affect the
amplitude, while an ideal analyser suppresses
one component completely and does not affect
the phase.

Any interaction of the optics with the elec-
tromagnetic wave is represented by the complex
reflection (or transmission) coefficients r, or r,,
where

E.'=r.E., Ep/:rpEp. @)

The polarisation is described by the Stokes
vector, for intensity S,, linear polarisations S,
and S, and circular polarisation S,;. The interac-

tion process is described by the Mueller matrix

1 —cos 2V 0 0
| cos v 1 0 0
0 0 sin 2%cosA  sin 2¥sinA

0 0 —sin 2¥sinA  sin 2WcosA
(2)

which is basically determined by the two param-
eters of ellipticity ¥ and total phase retardation
A to describe the complex reflection or transmis-
sion coefficient.

Y=atan(r,/r,)

A=3,—0,

For our two-optical element polarimeter

(3

system the Stokes vector at the detector, Sy, is
obtained by the initial Stokes vector of the in-
coming light, multiplied by the rotation-matrix,
Mueller-matrix and back rotation matrix of the
first optical element (rotated by a), and similar-
ly for the second optical element which is rotated
by g .
St =R(—) M,R(HR(—a) M;R(a)Syivia. (4)
The detector sees a 3-D intensity contour, such
as that in Fig. 6 as function of « and 8 when we
assume an ideal polarimeter and circularly polar-
ised incident light (S;=1 Fig. 6(a)) and linearly
polarised light Fig. 6(b), respectively.

A fit of the experimental data to this con-
tour determines not only the Stokes parameters
of the incident light, but also the polarising

properties of the optical elements involved such
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as R,/R,, T./T, and the phase shift A. Thus
this is a self-calibrating measurement as one does
not need to know details about the optics, the
measurement itself gives all relevant data. This
requires, however, a redundance in the number
of measured data and high quality datum points

for the fitting procedure to converge properly.

Signal

(b)

Fig. 6  Calculated polarimeter signal for circularly

(a) and linearly polarised (b) light assum-
ing an ideal polarimeter optics (T, =T, .A=

90°,R,=0)

Linear analysers and phase plates are com-
mon for the visible, and UV spectral range. In
EUV, triple- and quadruple-reflection mirrors
have been designed with incidence angles for op-
timum phase retardation or analyser behav-

[34-35]

iour For the soft X-ray range specially tai-

lored, MLs operating in reflection and transmis-
sion have been developed in the last decade™®.

Similar to the MLs optimised for highest reflec-

tion, the phase retardation obtainable with
transmission MLs is resonantly enhanced at the
absorption edges, thus the tuning range is limit-
ed, and the phase shift dies away with higher en-
ergies due to roughness and lack of contrast in
the optical constants.

Several type of apparatus for full polarisati-
on measurements in the soft X-ray range have
been reported®”. The BESSY soft X-ray polar-

imetert?”!

shown in Fig. 7 is able to perform such
a polarisation measurement according. In this 6-
axis UHV-diffractometer the light hits a polari-
ser and analyser section, both azimuthally rotat-
able, and the incidence angle is freely changea-
ble. The detector is scanning both in the disper-

sion plane and perpendicular to it.

BESSY soft-X-ray polarimeter

s
S(50,51,52.53)

Magazine

= Frame holder

Multilayer Frame

%

Fig. 7 BESSY soft X-ray UHV-compatible 6 axis

polarimeter

Up to ten optical elements are selectable
from a magazine store in vacuum. Additionally a
load-lock system enables rapid sample transfer
from air to UHV within half an hour.

This versatility allows the chamber to be
used not only as a polarimeter for incident light
spectroscopy. When one of the optics is re-
moved, it becomes a reflectometer for intensity
spectroscopy in transmission or reflection geom-
etry. Transmission optics ellipsometry can also
be undertaken, since not only the transmitted

intensity but also the polarisation state after
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transmission can be studied. The photo in Fig. 8
shows a compact version of the polarimeter in
use at BESSYF#,

situ control of the polarisation state in various

This one was designed for in-

elliptical undulator beamlines. All optical parts
are removeable, so, it can be permanently cou-

pled between the beamline and an experiment.

Fig. 8 BESSY compact polarimeter for in-situ con-

trol of polarisation with removable optics

Fig. 9 shows the reflectivity of a Cr/Sc ML

t27 The period was

for s- and p-polarised ligh
exactly matched, so that the Bragg-peak coin-
cides with the Brewster angle at 45° at the design
energy, which is close to the Cr 2p edge. The
suppression ratio r,/r, is more than 1 000, thus
the polarizing power more than 99. 8%. By such
a matching of both polarizing angle and reso-
nance energy the excellent polarizing power is
combined with high reflectivity. An azimuthal
scan of the polariser around the light direction
from 0° to 360° confirms this behaviour
(Fig. 10). In normal incidence geometry, how-
ever, no angular dependence is observed, as ex-
pected. Note, that this ML can be operated in
two working ranges: at the Cr edge at 45° as an
analyser and at the Sc edge as a highly efficient
normal incidence reflector.

Transmission ML-phase plates are sputtered

on 120 nm thick Si;N, membranes. The Bragg

1 0()
107
1072
107
107

OF
107 koo
1 0—6 1000k

Reflectance

Incidence angle 6

Fig. 9 Reflectivity of Cr/Sc ML for s- and p-polar-
ised light at 572 eV, right below the Cr 2p
absorption edge (see inset). The range of the

Brewster angle is enlarged in the inset.
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Fig. 10 Polarimeter scans at the Brewster angle and
in normal incidence, respectively. The ener-
gies correspond to Cr and Sc absorption ed-

ges, respectively (see inset).

reflection resonance at a certain photon energy
manifests itself as transmission minimum at the
Bragg-angle. As seen in Fig. 11 this minimum is
resonantly enhanced in the region of the absorp-
tion edge - here the Sc 2p edge - and it is con-
nected with a large phase retardation as a func-
tion of the angle in the vicinity of the Bragg-an-
gle (Fig. 12).

The measured 30° phase shift at 400 eV is
still far away from a quarter-wave behaviour,
but this is sufficient for a unique determination
of the polarisation state by the fitting procedure
explained above.

A survey of the phase shift data available by
ML is summarised as follows. For the UV-

range, MgF, optics has been added to this sur-
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Fig. 11 Transmission of a Cr/Sc ML on a SiN mem-

brane in the vicinity of the Sc 2p resonance.
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Fig. 12 Corresponding phase retardation through

the Bragg transmission minimum.

vey and at the Si L. edge (100 eV) there is a

0811 In the water

quarter-wave plate of Mo/Si
window range four systems were developed for
the C edge and the Sc, Ti and Cr edges. As ex-
pected, the performance is strongly dependent
on the material combination and it decreases at
higher photon energies. Recently a broad-band
Mo/Si ML was reported™**7,

in wavelength within a bandwidth of approxi-

which is tuneable

mately 10%. This was realised by a random
modification of the individual layer thicknesses
to make the rocking curve broader, but at the
price of reduced reflectivity and phase shift.

At the Sc edge a quarter-wave plate was re-

[21,41]

ported recently employing high quality Cr/

Sc MLs with individual thicknesses in the range

of T nm. Due to the necessity for ultra-short pe-
riod the practical limit for this technology has
been almost reached at these energies.

While linear polarisation analysers with suf-
ficient accuracy are available at even higher ener-
gyt?, it may be worthwhile developping phase
plates for the magnetic Fe, Co and Ni 2p edges
which require some hundred periods with layer
thicknesses as small as 0.5 nm. Most of the po-
larisation spectroscopy work is undertaken here
and no polarisation determination employing op-
tical standards is possible so far. The degree of
circular polarisation can be estimated only by
transfer standards (such as MCD-detectors**!)
which need to be calibrated once against a linear
polarisation standard under the assumption of
complete total polarisation without any unpo-

larised background radiation.
4 Magneto-optics

Magneto-optics deals with the interaction of
radiation with magnetic materials: the optical re-
sponse to magnetised matter. In analogy to non-
magnetic optics this response is put into magne-
to-optical constants of the form

ny =1— (5, A +i(B AR (5)
with & and B being the non-magnetic optical
constants, and Ad and AB the ‘magnetic pertur-

U4 The positive

bation” of the optical interaction
and negative signs denote the orientation of the
magnetic field with respect to the polarisation di-
rection. The difference An=n, —n_ denotes the
circular dichroism of the material. Similar to the
optical interaction, the magneto-optical proper-
ties are resonantly enhanced at the absorption
edges of the magnetic sub-states, such as the
L-, or M-edges of Fe, Co and Ni.

In the BESSY located chamber (Fig.7)
samples can be magnetised in-situ by in-vacuum
magnetic coils located around the sample holder,
and an iron yoke close to the sample surface,

which directs the magnetic flux through the
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sample. Two magnetisation directions can be re-
alised for both the reflection and transmission
sample: in-plane in two directions (reflection)
and out-of plane (transmission sample). Never-
theless, the full versatility and flexibility in an-
gle settings and in-situ sample change is kept, so
that a variety of different measurement tech-
niques can be established, which makes use of
many degrees of freedom;

% incident radiation: energy, polarisation

* magnetization direction (in-plane, out-of
plane)

% orientation of both light (k-vector and
spin) and magnetization: parallel, longitudinal,
transvere

% azimuth and incidence angle

% detection channel (intensity, polarisati-
on)

Fig. 13 gives an overview about this array of
experimental possibilities connected with magne-

to-optical effects-*,

They can first be classified
according to the detection channel, whether the
intensity or the polarisation of the scattered light
is being investigated after the interaction
process. The magnetic sensitivity is either linear
or quadratic with the magnetic field. A linear
effect in M changes sign on magnetisation rever-

sal, an odd effect does not.

Detection | Magnetic - Light- Transmission | Absorption Reflection
sensitivity . pola.
circ. XMCD XRMS
Intensity A lin o T-MOKE
) XMLD-type
<af> | lin XMLD Rellscionany
i Faraday Kerr
Polarization M~ lin i L-P-MOKE
analysis .
: <M>  hin Voigt

Fig. 13  Summary of magneto-optical effects and

their measurement

Some effects are proportional to the degree
of circular polarisation, others to the degree of

linear polarisation, while the other Stokes com-

ponent in this case is ineffective.

For example, the classical MCD probes the
spin-up and spin-down bands, so it is measura-
ble with circularly polarised light and the mag-
netic contrast, while the asymmetry is obtained
by reversing the orientation (parallel - antiparal-
lel) between the magnetization direction and
photon helicity. The linear dichroism is measured
in a different geometry, since it is an M* effect.
The contrast is given by parallel and perpendicu-
lar orientation between the electric field vector
and magnetization.

Polarisation spectroscopy with MLs enables
the classical Faraday effect (transmitting sam-
ples) and Kerr effect - L-MOKE (in reflection)
to be measured resonantly, enhanced by tuning
the photon energy to the 2p-absorption edges in
the soft X-ray range. These effects are linear in
M and change sign on M-reversal and also have
the advantage that their measurement requires
only linearly polarised light only, which usually

is easier to obtain rather than circular polarisati-

on.
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Fig. 14 Ellipsometry on magnetic Fe: Faraday effect
on a thin Fe film measured with linearly po-
larised light resonantly enhanced within the

Fe 2p absorption edge (see inset)

An example of the measurement of the Far-
aday effect is given in Fig. 14" Here a polar-
isation measurement of the incident light (Inci-
dent light curve) and the light after transmission
through a magnetised Fe-film (Transmitted light

curve) is shown. After transmission, the polari-
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sation plane is tilted and ellipticity is induced.
Both ellipsometric parameters ¢ and tan e can be
traced back to the magneto-optical quantities A
and AB. The Faraday-rotation angles are 100
times larger than those measured in the visible,
when it is measured element-specific and reso-
nantly enhanced within the 2p-absorption edge.
Such a thin magnetic film can be used for steer-
ing the linear polarisation plane and to rotate the
e-vector by up to 90°, the angle being deter-
mined by the thickness of the film. Though the
Faraday-effect is measured with linearly polar-
ised light, dichroism can be sampled with this
technique, since the linear polarisation can be
thought of being composed of two circular polar-
ised waves of equal intensity but opposite helici-
ty, for which the absorption is different due to
the circular dichroism of the system.

For polarisation spectroscopy to be estab-
lished as a tool for magnetic materials research,
the transmission geometry is of rather limited
use, since most samples cannot be produced ul-
tra-thin films of less than a nanometer thickness
in order to have a significant transmitted signal.
The analogue to the Faraday-effect in reflection
is called the Kerr-effect, i.e. the polarisation a-
nalysis of the light reflected by a magnetic sam-
ple. By a miniaturised polarisation detector sit-
ting on the detector holder, such a measurement
is possible using the BESSY polarimeter.

Fig. 15 shows an example for the Kerr-effect
measured on a Co sample using linearly polarised
light-**,

larisation in terms of the rotation angle ¢ and el-

The reflectivity and the change of po-

lipticity tan e were measured across the Co 2p
absorption. Both data are used for determination
of the magneto-optical constants according to:
AS(B — o) — ABS, —81)
(00 —06)"— (B —R)’
Ellipticity 55:Af;fl;?\l)zi?g(ﬁlﬁjﬁo)

Rotation 6.=

b

(6)

The indexes 0 and 1 correspond to vacuum

level (or a non-magnetic top-layer) and to the
non-magnetic part of the refractive index (see
Eq. 5), respectively, The agreement with data
obtained by other methods like MCD and reso-

nant Bragg-reflection is good.
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Ellipsometry on magnetic Co; Kerr effect on
a thin Co film measured with linearly polar-
ised light resonantly enhanced across the Co

2p absorption edge

This technique of polarisation spectroscopy
which is just soft X-ray ellipsometry is not re-
stricted to magnetic samples and magnetic di-
chroism. All optically active samples which have
intrinsically any kind of anisotropy can be ad-
dressed element-specifically. Fig. 16 shows the
experimental data for a graphitic sample-**!,
Graphite has a hexagonal crystal structure, and
this structural anisotropy leads to a natural line-
ar dichroism. It is strongly birefringent at the
carbon K-edge. The incident linear polarisation
is resonantly modified within the absorption res-
onance. The polarisation plane is rotated by up
to 90° and also circular polarisation is induced.
Such a behaviour has serious consequences for
optical elements inside a synchrotron radiation
beamline, where, typically, carbon contamina-
tion is encountered due to the heat loading on the
mirror surfaces. Regardless of the chemical com-

position of the carbon layer the beamline will be
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Fig. 16 Ellipsometry on a dichroic graphitic C: Kerr
effect on a hexagonal graphite crystal meas-
ured with linearly polarised light resonantly

enhanced across the C 1s absorption edge

optically active. Not only does the photon flux
drop at the carbon edge, but the polarisation
changes dramatically! Thus polarisation sensi-
tive experiments at the carbon edge need careful

monitoring of the polarisation stage.

5 Conclusions

The interaction of polarised soft X-ray radi-
ation with matter can best be studied by polari-

sation spectroscopy. This allows for the deter-

References:

mination of the complex optical constants.

By selecting the photon energy, this tech-
nique is element specific and by tuning the inci-
dence angle it is depth selective.
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optically active substances - by which a symme-
try break in the reaction geometry is induced by
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gence or magnetic-field induced dichroism.
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nantly enhanced at their respective absorption
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