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The existence of the x-ray natural birefringence in reflection from graphite is demonstrated. This novel x-ray
effect is measured as the polarization-plane rotation and ellipticity appearing upon reflection of linearly polar-
ized synchrotron radiation from highly-oriented pyrolytic graphite. Polarization analysis is employed to mea-
sure the x-ray rotation and ellipticity spectra across the carbon 1s edge. Extraordinarily large birefringence
rotation values of up to ±90 degrees as well as ellipticity values up to 30 degrees are detected across the carbon
1s absorption edge. To analyze the origin of the measured spectra, the Stokes parameters as well as the x-ray
natural linear dichroism in reflection and absorption are determined across the C 1s edge. The strong birefrin-
gence near the C 1s absorption edge is shown to result directly from the optical anisotropy of hexagonal
graphite. Measurements carried out on isotropic amorphous carbon films show in contrast a negligible bire-
fringence. With its large birefringence and its reduced heat load sensitivity graphite bears potential as a tunable
x-ray phase shiftingl /4 or l /2 plate for future applications on new, high-intensity light sources.
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I. INTRODUCTION

Natural optical effects in the x-ray regime are becoming
increasingly popular. In contrast to the lively investigated
x-ray magneto-optical effects, which require a time-reversal
symmetry breaking due to a local exchange field, natural
optical effects are present without such a symmetry-breaking
field. However, some sort of internal symmetry breaking is
required to bring about the natural optical effect. An over-
view of the rich variety of natural optical phenomena in the
visible light range can be found in Refs. 1–3. Natural optical
activity was discovered several years ago to exist as well in
the x-ray regime for a chiral organometallic compound.4

Other natural x-ray effects, as the x-ray natural circular
dichroism5 and the x-ray non-reciprocal linear gyrotropy
were recently reported.6 The origin of some of these effects
is not well understood and is still being discussed.7,8

In contrast to spectroscopy with visible light, x-ray spec-
troscopy allows for element selective investigations by exci-
tation of the individual atomic absorption levels. Most of the
recent investigations of natural x-ray optical effects mea-
sured these in absorption, employing a yield technique.4,5 An
alternative way to investigate optical effects is polarization
spectroscopy or ellipsometry, in which the full polarization
state of the radiation after its interaction with the material is
determined. In the x-ray regime polarization spectroscopy
has gained increasing significance. It is a dedicated tech-
nique, with which, e.g., the complete set of Stokes param-
eters can be measured. When applied to the complex optical
constants both their real and imaginary parts can directly be
determined since both the phase and amplitude of the light
after its interaction with matter is obtained. This relatively
new x-ray ellipsometric method enabled recently the obser-
vations of the x-ray magneto-optical Faraday effect,9,10 Kerr
effect,11 and Voigt effect.12 These magneto-optical effects are
now being more and more applied in the investigation of
magnetic sensors and storage devices.

Here we report the observation of another novel phenom-
enon in the x-ray range, namely the x-ray natural birefrin-
gence of graphite detected in reflection. This effect can be
regarded as the nonmagnetic analog of the x-ray Voigt
effect.12 The latter effect, however, is measured in transmis-
sion. To the best of our knowledge, the equivalent of the here
reported optical effect has not been observed in the visible
energy range. Optical anisotropy has, of course, been inten-
sively studied in the visible range, where it can be detected
by reflectivity or ellipsometric measurements performed se-
quentially along the nonequivalent optical axes(see, e.g.,
Ref. 13). In contrast, in the reflection geometry to be speci-
fied below, the x-ray birefringence in reflection is obtained in
a single x-ray scattering measurement. In addition, as is the
case for the Voigt effect too, the natural x-ray birefringence
is observed as the plane rotation of linearly polarized light
reflected from a uniaxial material having the optical axis ori-
ented perpendicular to the surface. Also, the polarization
state of the reflected light becomes elliptically polarized. In
its appearance this x-ray optical effect does at first sight seem
to be distinct from the usual optical birefringence, but, as
will become evident below, it does in fact originate from the
same source, namely, the optical constants being different for
nonequivalent crystallographic axes. Using polarization
analysis of the reflected light and incident linearly polarized
synchrotron radiation we prove the existence of this effect
with x-ray rotation and ellipticity spectra measured across
the C 1s edge of highly-oriented pyrolytic graphite(HOPG).
Our proposition, the observation of the x-ray natural birefrin-
gence, is compellingly underpinned by supplementary mea-
surements of the Stokes parameters and the x-ray natural
dichroism, for which analytical expressions relating these
spectra to the birefringent polarization spectra can be de-
rived. A comparison of the independently measured spectra
supports the derived relationships. Furthermore, we present
for comparison the corresponding spectra for amorphous car-
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bon, which exhibit a negligible birefringent effect. From the
data for graphite we deduce directly the complete crystalline
anisotropy in the optical constant, i.e., both real and imagi-
nary parts.

It is important to note that the existence of the x-ray natu-
ral birefringence of graphite was predicted theoretically by
Machavariani14 a few years ago. Machavariani, being guided
by the observation of anisotropies in the x-ray reflection
from hexagonal BN crystals,15 predicted the shape of some
spectra for graphite. We compare our results to the predicted
spectra, however, the agreement is not found to be over-
whelmingly good. Nevertheless, we do observe a very large
rotation, as was anticipated theoretically.

Apart from the spectroscopic interest, graphite has re-
ceived considerable attention recently for other reasons.
Graphite or related graphene layer materials are considered
to be promising candidates for applications in future spin-
electronic devices. The possible existence of ferromagnetism
in graphite has been investigated both theoretically16–18 and
experimentally.19,20The first observations of weak ferromag-
netism of graphite have been reported.19–21Also, graphite as
well as C60 can be electron doped by alkali metals to become
superconducting.22 Most of the technologically relevant car-
bon based systems derive their properties of interest from the
underlying graphite character. To study the electronic, mag-
netic, and structural properties of carbon or any other mate-
rial, experiments with polarized synchrotron radiation are su-
perbly suited. The important electronic states can be probed
element selectively by tuning the excitation energy to the
individual absorption edges of the atomic constituents(for
example, the carbon 1s edge near 285 eV). Thus, by exploit-
ing the polarization dependent interaction of light with mat-
ter electronic,23,24 structural,25 and magnetic information26,27

can be obtained.
In the following we first outline the experimental set-up

and derive theoretical expressions for the x-ray birefringence
in reflection. In Sec. III our measured spectra are presented
and discussed. Relationships between the x-ray natural di-
chroism and the x-ray birefringence are employed to discuss
the origin of the measured spectra. Conclusions are given in
Sec. IV.

II. THEORETICAL AND EXPERIMENTAL DESCRIPTION

A. Theory

We have employed the geometry shown schematically in
Fig. 1 to detect the x-ray birefringence in reflection. The

incident light is at a grazing angle to the surface and, in the
most general configuration, linearly polarized at an anglea
with respect to the refraction plane. For a nonzero value of
asa,p /2d the light is in a mixed state ofs-, andp-polarized
light, similarly to the standard Voigt geometry for magnetic
samples, wherea=p /4 gives the largest magneto-optical
effect.12 Upon reflection, the polarization plane is rotated by
an anglew, and, in addition, the light’s polarization changes
to ellipticaly polarized by an amount«. In the following we
consider the casea=p /4, which leads to the largest birefrin-
gence effects. Fora=p /4 the incident light can be decom-
posed in two equal components: ans component parallel to
the surface and anp-polarized component which at grazing
incidence is nearly perpendicular to the surface. In our set-up
the graphite layers lie in the surface plane, so that the optical
axis of graphite is normal to the surface. The permittivity
tensor of graphite contains—on account of the hexagonal
crystal symmetry—only two nonequal diagonal elements,
which we denote by«' and«i for the direction normal and
parallel, respectively, to the optical axis of the graphite film.
While the nonequal permittivity components are expected to
lead to birefringence, it is important to note that even in the
case of an optically isotropic material the reflection of theEs
andEp components can be anisotropic. This happens simply
because the reflection coefficientsrssrs=Es8 /Es

0d and rpsrp

=Ep8 /Ep
0d are unequal even for isotropic materials(see, e.g.,

Ref. 28). However, as we show below, in the particular case
of grazing incidence in the soft-x-ray regime, the polariza-
tion rotation and ellipticity are a direct measure of the x-ray
natural birefringence, i.e., these quantities arise because«'

and«i are nonequal.
To derive expressions for the polarization-plane rotation

and ellipticity we apply the Fresnel formalism for crystal
optics. The reflection coefficientsrp andrs of the birefringent
material are given by(see, e.g., Ref. 29)

rp =
Î«i«' cosui − n0

Î«i − n0
2 sin2 ui

Î«i«' cosui + n0
Î«i − n0

2 sin2 ui

, s1ad

rs =
n0 cosui − Î«' − n0

2 sin2 ui

n0 cosui + Î«' − n0
2 sin2 ui

, s1bd

whereui is the angle of incidence measured from the surface
normal andn0 is the optical constant of the initial dielectric
medium. In the present configuration, the ordinary mode in
the material stems from the initials-polarized wave, while
for ui .0 the extraordinary mode stems from the initial

FIG. 1. (Color online) Experimental set-up for
measuring the x-ray birefringence in reflection.
Linearly polarized x-ray radiation is at glancing
incidence to the film. The polarization plane and
scattering plane are at an anglea=45°. Upon re-
flection, the polarization plane of the reflected
light is tilted over a rotation anglew with respect
to the incoming light. The reflected light has in
addition become elliptically polarized. The polar-
ization analysis is performed by rotating the ana-
lyzer mirror aboutg.
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p-polarized wave. The rotation of the polarization plane and
the ellipticity can be expressed in terms ofrs andrp using the
conventional Stokes formalism(see, e.g., Ref. 30), which
gives

rs − rp

rs + rp
=

tanw + i tan«

1 − i tanw tan«
. s2d

Note thatw is defined here with respect to the polarization
plane of the incoming light. From this equation exact expres-
sions forwstan 2w=sursu2− urpu2d /2 Rehrsrp* jd and « ssin 2«
=2 Imhrsrp* j / sursu2+ urpu2dd can be derived. From these we
obtain for w and «, to first order in the small quantityD
;«i−«',

tan 2w + i sin 2« < 2
rs − rp

rs + rp
<

2n' cosui cosut

n0 sin2 ui

+
n0D cosui

n'sn0
2 − n'

2 dsin2 ui cosut

, s3d

whereut is the angle of refraction of the ordinary beam. At
grazing incidence we can furthermore make an expansion
with respect to the small angleq=p /2−ui, which leads to

tan 2w + i sin 2« < 2sn'
2 − n0

2d1/2sinq

n0
+

n0D sinq

sn0
2 − n'

2 d3/2.

s4d

The first term is not related to any optical anisotropy, it
would exist also for an isotropic material. In the soft-x-ray
regime bothn' and n0 are close to 1, therefore it can be
estimated that the second term is much larger(of the order of
1000D times) than the first term in the soft-x-ray regime.
Consequently, we can neglect the first term for x-ray reflec-
tion from optically anisotropic crystals and approximate, for
the vacuum/material interface, tan 2w+ i sin 2«<fs«i

−«'d / s1−n2d3/2gsinq, with n;1/2sni+n'd. Thus, in the
soft x-ray regime the response in the reflected radiation is
proportional tos«i−«'d which is the birefringence, i.e.,ni

−n'<s«i−«'d /2n. In the visible range, however, the second
term of Eq.(4) is in contrast much smaller than the first term.
We expect its smallness to be the reason that so far the natu-
ral birefringence in reflection has—to the best of our
knowledge—not been detected utilizing this geometry in the
visible range.

We can furthermore relatew and « to the conventional
Stokes parametersS1, S2, andS3 by

tan 2w =
S1

S2
, sin 2« = S3, s5d

where the above given exact expressions for tan 2w and
sin 2« were used. The Stokes parametersS1, S2, and S3,
which are normalized to the total intensityS0 are determined
through polarization analysis of the light reflected from the
sample. The parametersS1 and S2 are the degrees of linear
polarization in thex-k plane and in the plane diagonal to the
x-k and y-k planes, respectively, withk the wave vector of
the light. S3 represents the degree of circular polarization.

Our experimental set-up is chosen such that for the incident
light S2=1 andS1=S3=0.

Although the reflection coefficients ofs- andp-polarized
light are not equal, we show that the x-ray birefringence can
be detectable as well through intensity measurements of the
reflectivities Rss=ursu2d and Rps=urpu2d at grazing incidence.
To this end we define an asymmetry parameterA;sRs

−Rpd / sRs+Rpd, which can be directly related to the Stokes
parameterS1, or, alternatively, tow through

A = S1, andA < tan 2w < 2w. s6d

The first expression is valid for all incident angles, whereas
the second expression is only valid at grazing incidence and
for small asymmetries andw. At grazing incidence the asym-
metry A is thus proportional to«i−«' and therefore this
quantity is then precisely the x-ray natural linear dichroism
(XNLD ) in reflection. An identical relation was previously
shown to exist between the x-ray magnetic linear dichroism
(XMLD ) and the x-ray magneto-optical Voigt effect,12 which
are both measured in transmission. The birefringent rotation
of the polarization plane can thus be regarded as the “natu-
ral” analog of the Voigt rotation which is due to the magne-
tization induced difference between«i and «'. Note, that
although both the XNLD parameterA and the Stokes param-
eterS1 of the light after the interaction with the sample are
thus correlated, they are measured independently by entirely
different techniques. The XNLD can also be measured in
absorption, in which case it would be proportional tomi

−m', the difference of the respective absorption coefficients.
Rewriting mi−m', shows that the XNLD in absorption is
proportional to Ims«i−«'d.

B. Experimental aspects

The room-temperature experiments, schematically shown
in Fig. 1, were performed on the undulator beamline UE52-
SGM of BESSY.31 The spectral resolution near 280 eV was
E/DE=2000 and the accuracy of the energy calibration was
better than 0.1 eV. The degree of linear polarization was
PL.0.99. The angle of the electric field vectorE of the
linearly polarized incoming light was set toa=p /4 with
respect to the scattering plane, while the angle of incidence
measured to the surface normal was set toui =87.5°. To per-
form the polarization analysis of the reflected beam, we used
the BESSY ultrahigh-vacuum polarimeter chamber.32 The
polarization of the incident or reflected beam was analyzed
by rotating a W/C reflection multilayer(25 periods, of
3.09 nm each, angle of incidence close to the Brewster
angle) around the azimuthal angleg (see Fig. 1) while the
reflected intensity was monitored by a GaAs:P diode.In situ
exchange and the removal of samples enabled a quasi-
simultaneous polarization analysis of the incident and re-
flected beam. The samples were highly-oriented pyrolytic
graphite and amorphous carbon. The latter sample was a
commercial “Univeks carbon wafer” obtained from
UNITIKA LTD, Osaka 541-8566, Japan.
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III. RESULTS AND DISCUSSION

The optical anisotropy of graphite is well known to result
from the layered structure of hexagonal graphite, in which
the pronounced crystalline anisotropy gives rise to the
known structural and electronic properties.33–36 The carbon
atoms in the hexagonal basal plane are strongly bound by
covalentssd bonds, while the bonds between adjacent planes
are of the weak van der Waals type. The interlayer nearest
neighbor distances3.35 Åd is consequently much larger than
the intralayer nearest neighbor distances1.42 Åd. These
bonding properties are ascribed to the formation ofsp2 hy-
brids. In the graphene plane, thepx and py orbitals result in
trigonally directedsp2 hybrids, formings bonds while elec-
trons in thepz valence orbitals perpendicular to thes bond-
ing plane are forming weakp bonds. Graphite is thus a typi-
cal uniaxial crystal, having the optical axis perpendicular to
thesp2 plane, which usually forms parallel to the surface. In
contrast, diamond is an optically isotropic material due to the
occurringsp3 coordination and therefore no birefringence is
expected. Also amorphous carbon possessing an unoriented
local sp2 coordination does not show a long-range crystalline
order and thus birefringence is expected to be negligible. It
should be noted that the x-ray natural linear birefringence is
distinct from classical angular-dependent absorption
measurements33 which are also sensitive to the relative ori-
entation of the optical axis and the linear polarization of the
light. In x-ray birefringence experiments a polarization
analysis of the reflected light is performed, whereas in
angular-dependent absorption experiments only absorption
coefficients are measured, thus yielding no information on
the polarization state of light.

The reflectance spectrum of linearly polarized light across
the C 1s edge of graphite is shown in the top panel of Fig. 2.

This is the averaged reflectance ofRs andRp sincea=p /4.
The structures below 290 eV are assigned to resonant exci-
tations, related to transitions from the C 1s level to p*
states.33,36 Excitations to thes* continuum appear above
290 eV. Polarization measurements were performed at fixed
photon energies across the C 1s edge by rotating the analyzer
around the beam(see Fig. 1) to finally obtain the energy-
dependent rotation and ellipticity spectra of the x-ray bire-
fringence. By fitting the results to the intensity dependence
of the analyzer curveI = I0s1+PsS1 cos 2g+S2 sin 2gdd, the
intensity I0 and the Stokes parametersS1 and S2 were ob-
tained(Fig. 2, bottom). The degree of circular polarization is
determined fromS3=s1−S1

2−S2
2d1/2 assuming fully polar-

ized incident light. The polarizing power P of the analyzer at
the C 1s edge was determined independentlysP=0.985d be-
fore the experiment. Alternatively, we can fit in a different
manner, using the expressionI = I0s1+PPL coss2g−2wdd,
which providesw directly, while « follows from the degree
of linear polarizationPL= ucos 2«u. Thus,« can only be de-
termined up to its sign in this way.

Dramatic changes of the Stokes parameters are visible at
the C 1s edge, which are most pronounced in the range be-
tween 270 eV and 290 eV. Before the edge, at 265 eV the
polarization state of the reflected light is practically unaf-
fected. It is nearly linearly polarized with diagonal orienta-
tion of the polarization planesS2<1d. As the photon energy
increases the Stokes parameters change considerably. At
around 276 eV the linear polarization plane is rotated by 45°
yielding S1< +1. Around 280 eV the light changes from lin-
ear to almost circular, as indicated byS3=0.9. At 283 eV the
reflected light is again fully linearly polarized but with hori-
zontal orientation of the polarization planesS1<−1d. The
detailed rotation and ellipticity spectra, which follow directly
from the Stokes parameters according to Eq.(5), are shown
in Fig. 3. The rotation(top panel) increases with the photon
energy and shows large values, reaching the maximal achiev-
able rotations of +90° and −90° at about 280 eV in the en-
ergy range below thep* transitions. Moving to higher ener-
gies above thep* related transitions the rotation fades out
and only small values are observed in the energy range domi-
nated bys* transitions. This observation confirms the expec-
tation that the birefringence is predominantly related to the
anisotropicsp2 coordination in graphite, in which there is a
considerable anisotropy between thepx, py orbitals in the
hexagonal planes and thepz orbitals perpendicular to the
plane.

As a test of the above conclusions we measured the rota-
tion angle and ellipticity of amorphous carbon. The unori-
ented localsp2 coordination of amorphous carbon as well as
the sp3 coordination of diamond is expected to lead to an
isotropic ordering, having a vanishing optical anisotropy and,
as a consequence, a negligible birefringent rotation. Indeed,
this is what we observe(Fig. 3, top panel). The rotation of
amorphous carbon is smaller than that of graphite by a factor
greater than 20, showing only a 4° maximum rotation. The
energy dependence, however, is similar to that of graphite,
i.e., restricted mainly to the range near thep* transitions.
From this observation we conclude that the small x-ray bire-
fringence present in the data is most likely due to a fraction

FIG. 2. (Color online) Top panel: the measured reflectanceR of
graphite. The incident light is linearly polarized light withui

=87.5° anda=45° (see Fig. 1), i.e., the Stokes parameters of the
incoming light areS1=0, S2=1, S3=0. Bottom panel: the Stokes
parametersS1, S2, andS3 of the reflected light measured by polar-
ization analysis. The x-ray birefringence indicated by the dramatic
change of the Stokes parameters is most pronounced in the range
between 270 eV and 290 eV.
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of sp2 coordinated carbon at the surface of the sample giving
rise to a small optical anisotropy. An even smaller contribu-
tion is expected to be due to the isotropic term in Eq.(4),
which should not be dependent on the particularsp hybrid-
ization.

The ellipticity induced by the x-ray reflection from graph-
ite is shown in the bottom panel of Fig. 3. The ellipticity
reaches maximally −30° at about 280 eV. The polarization
analysis in the present set-up reveals only the absolute value
of «. Therefore the sign of the values is extrapolated in ac-
cordance with the Kramers-Kronig relations.37 From the ro-
tation and ellipticity data we can directly compute both the
real and imaginary part of the optical anisotropy given by
s«i−«'d / s1−n2d3/2. This quantity is shown in Fig. 4 for
graphite and amorphous carbon. To obtain the optical aniso-
tropy in the permittivity«i−«', the measured spectra must
be rescaled by the refractive indexn. However, the precise
spectrum of the refractive indexn at the edge has not been
determined. Data from literature are not used since we do not
want to rely on refractive indices obtained in different ex-
periments. Note that the full complex optical anisotropy can-
not be obtained experimentally from absorption spectra,
which yield only the imaginary part.

To compare our data with independent predictions of the
phase shift for graphite14 we calculate the phase shiftd
=−arctansS3/S2d from the spectra in Fig. 2. The spectral
dependence ofd is understandably rather close to that of
the ellipticity « ssee Fig. 3, bottomd. Our experimental
data agree with regard to the magnitude of the predicted
maximal phase shift of up to 90°. However, the spectral
shape differs significantly. The calculations of Ref. 10

show only a region above 290 eV and predict maximal
effects near thes* transitions. In our experiment we ob-
serve a maximum shift near thep* transitions below
290 eV. We note, however, that the calculations were car-
ried out for ui =83° while our experiments are performed
at a more grazing incidence of 87.5°, which may also
contribute to the discrepancy.

For a comparison with the x-ray birefringence we deter-
mined the XNLD asymmetry parameterA by measuring the
reflectance spectraRp and Rs [see Fig. 5(a) for graphite].
According to Eq.(6) the XNLD andS1 should agree. This
we indeed observe for graphite as well as for amorphous
carbon [see Fig. 5(b)]. However, at energies near thep*
transitions the spectra forS1 and the XNLD asymmetry dif-
fer in the case of graphite. The XNLD signal is perturbed by
flourescence decay, which occurs at the absorption edge.
Thereby the XNLD asymmetry is reduced, an effect which is
well known from the XMLD.12 The polarization measure-
ment is less sensitive to fluorescence disturbances, because
the analyzer is energy selective and set to select the incident
light energy while the flourescence light of lower energy is
suppressed. For amorphous carbon we find agreement for the
XNLD A and S1 [Fig. 5(b)]. Furthermore, the approximate
relationA<2w [Eq. (6)] is indeed found to be obeyed. Thus,
as expected on account of the analytical relations, the x-ray
natural birefringence can be accessed by different spectro-
scopic techniques.

One striking feature of the birefringence spectra(Figs. 2
and 3) is the appearance of large features near 276 eV and
280 eV, below thep* transitions. These features are well
understood and explained by two effects. First, the penetra-
tion depth of the incident light below the absorption edge is
enlarged which leads to an increased number of graphite lay-

FIG. 3. (Color online) The measured x-ray birefringence of
graphite and of amorphous carbon across the carbon 1s absorption
edge, forui =87.5°. Top panel: the birefringent rotationw of the
polarization plane of the reflected beam. The birefringence in re-
flection is large for graphite while it is small for amorphous carbon.
Bottom panel: the measured birefringent ellipticity«.

FIG. 4. (Color online) The optical anisotropy in the permittivity
elements[scaled withs1−n2d3/2] for graphite and amorphous car-
bon, as determined from the x-ray birefringence measurements. Top
panel: real part, bottom panel: imaginary part.
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ers contributing to the birefringence. This will be discussed
in detail below. Second, the spectral dependence of the bire-
fringence is determined by the optical constants[Eq. (4)].
Structures observed in absorption are governed by the imagi-
nary part of the optical constant and directly resemble elec-
tronic transitions. Conversely, spectra obtained in reflection
are influenced also by dispersion, i.e., by both the real and
imaginary parts of the optical constant. In particular the de-
nominator in Eq.(4) can induce additional large structures
away from those resulting from direct electronic transitions
if n<1, something known to occur from x-ray magnetic
reflectometry.11,38The influence of the optical constant on the
reflection spectra is demonstrated experimentally byRp and
Rs [Fig. 5(a)], which show a strong decrease far below the C
1s edge. Note that the onset of the decrease forp-polarized
light is shifted by about 6 eV to lower energies with respect
to that ofs-polarized light. This is due to the difference in the
excitation energy ofp* and s* transitions, respectively.33

The spectral dependence of the reflectance in turn is the re-
sult of the anisotropy in the orientation-dependent optical
constantsni <np andn'<ns, respectively. Whiles-polarized
light excites—in the present geometry—predominantly the
s* transitions,p-polarized light excitesp* transitions, with
the latter excitation threshold shifted to lower energy.

To investigate further the above mentioned first point,
x-ray absorption spectra were measured by collecting the to-
tal photo-electron current for boths- andp-polarized light at
grazing incidence on graphite[see Fig. 5(c)]. The onsets of
the s* transitions near 290 eV andp* transitions around
285 eV are clearly observed. In the region
280 eV to 290 eV several spectral features have been re-
ported previously, which were attributed to the altered local
geometry and chemical environment. In particular, several
CuH* structures and unsaturated CuC p* bonds have
been ascribed to these features.33 Minor features related to
p* bonds have been related to chemical shifts at the surface
or grain boundary. The corresponding XNLD absorption
asymmetry parameter is plotted in Fig. 5(d). The largest
asymmetry values are obtained across thep* transitions and
at the onset ofs* transitions, similar to the results from
reflectometry(Fig. 5(b)) and polarization analysis. Above the
s* transitions the XNLD is negligible as discussed above.
Note that we measure here the electron-yield XNLD in a
different way compared to the frequently used method in
which a difference spectrum is created from two spectra
measured at normal and grazing incidence, respectively. Our
method benefits from an APPLE-II type undulator where the
polarization plane can be rotated.31 This has the advantage of
probing the identical sample region, i.e., with fixed penetra-
tion depth of the light, because the angle of incidence is held
fixed while the polarization of the incident light is rotated.

An important difference between the x-ray absorption
technique and the ellipsometric measurements lies in the
probing depth. While the electron-yield spectra probe the
surface-near top layer of some nm thickness, the ellipsomet-
ric spectra probe predominantly the volume of the sample.
As mentioned above, the ellipsometric probing depth is di-
rectly correlated to the penetration depth of the incident
light, which is inversely proportional to the absorption con-
stant m. This fact leads to an enhancement of the rotation
angles below thep* transitions in addition to the effect re-
sulting from the pure optical anisotropy. With increasing ab-
sorption constant the number of graphite layers contributing
to the XNLD in reflection decreases and thus the total
XNLD-reflection signal is reduced. This tendency is found
from Figs. 5(b) and 5(c).

The large birefringence observed in graphite has far
reaching technological consequences as already suggested by
theory.14 A new avenue is opened up for the development of
soft x-ray quarter-wave or half-wave plates. X-ray reflection
birefringence allows to convert the polarization from linear
to fully circular as well as to rotate the linear polarization
plane by ±90° over a wide energy range across the C 1s
edge. Furthermore, the polarization is tunable by rotating the
graphite around the azimutha. The largest effects are ob-
tained fora=45°. Fora=0° and 90° the effect is “switched
off.” Such a device is currently not available for the C 1s
edge.32 Only phase shifters based on transmission multilayer
optics are presently available for a fixed energy near 277 eV
yielding small phase shifts of maximal 22°,39 which are in-
sufficient to create fully circularly polarized light. A striking
advantage of our proposed x-ray quarter-wave plate is its
reduced heat load sensitivity since it operates in reflection
instead of transmission. This can be of interest for applica-

FIG. 5. (Color online) A comparison of the x-ray natural linear
dichroism(XNLD ) measured in reflection, the x-ray birefringence
obtained from polarization analysis, and the x-ray natural linear
dichroism measured in x-ray absorption, each atui =87.5°.(a) The
reflectance spectraRs and Rp of graphite ins- or p-polarization
geometry across the carbon 1s edge. (b) The measured XNLD-
reflection asymmetries of graphite and of amorphous carbon, and
their Stokes parametersS1 of the reflected light(see Fig. 2). The
XNLD asymmetry and the Stokes parameterS1 agree in accordance
with Eq. (6). (c) The x-ray absorption spectra of graphite recorded
for thes- andp-polarization geometry, respectively.(d) The XNLD
yield of graphite obtained from the spectra shown in(c).
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tions on new, high-intensity light sources, e.g., free electron
lasers. In particular, in the fields of molecular physics, biol-
ogy, or x-ray microscopy of living cells40 one could benefit
from these developments. Our observations are also of im-
portance for the design of soft x-ray beamlines for circularly
polarized synchrotron radiation. Here, problems could arise
if the mirrors usually working under grazing incidence are
contaminated with carbon that shows a strong crystalline an-
isotropy. For this case the degree of circular polarization of
the light would significantly be reduced and linearly polar-
ized or circularly polarized light with inverted helicity could
enter the experiment at the end of the beamline. The situation
would be much less serious if the mirrors are contaminated
by amorphous carbon, which exhibits no crystalline aniso-
tropy.

IV. CONCLUSIONS

We have demonstrated the existence of the x-ray natural
birefringence in reflection by performing a polarization
analysis of the reflected light at the C 1s edge of graphite.
We have substantiated our claim of the observation of the
x-ray birefringent rotation and ellipticity by measurements of
the related Stokes parameters and of the XNLD in reflection.
The natural birefringence in reflection is a much stronger
effect in the soft-x-ray regime than in the visible regime due

to the enhancement caused by the refractive indices in the
soft-x-ray regime. Our observation emphasizes that x-ray
scattering factors are to be treated as an anisotropic tensor
quantity (see, e.g., Ref. 41) for crystalline materials instead
of a purely atomic quantity. The technique presented here is
suited to sensitively probe the electronic and corresponding
structural anisotropy of any uniaxial material in the soft-x-
ray range.

The large birefringent rotations and ellipticities observed
in our experiment may have far reaching technological im-
plications. On the basis of HOPG, novel optical elements
like x-ray polarization modulators, quarter-wave, or even
half-wave plates at the C 1s edge could be constructed. Such
a device, based on the birefringent reflection from graphite,
would allow for a tunable conversion of linearly to fully
circularly polarized x rays as well as for the rotation of the
polarization plane across the carbon 1s edge which may ini-
tiate new avenues for research employing spectroscopy at the
carbon 1s edge, as e.g., biological investigations using polar-
ization sensitive x-ray microscopy.
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