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We present a technique to study depth profiles of molecular orientation in soft matter thin films
with nanometer resolution. The method is based on dichroism in resonant soft X-ray reflectivity
using linear s- and p-polarization. It combines the chemical sensitivity of Near-Edge X-ray Absorp-
tion Fine Structure spectroscopy to specific molecular bonds and their orientation relative to the
polarization of the incident beam with the precise depth profiling capability of X-ray reflectivity.
We demonstrate these capabilities on side chain liquid crystalline polymer thin films with soft X-ray
reflectivity data at the carbon K edge. Optical constants of the anisotropic refractive index ellipsoid
were obtained from a quantitative analysis using the Berreman formalism. For films up to 50 nm
thickness we find that the degree of orientation of the long axis exhibits no depth variation and is
independent of the film thickness.

PACS numbers: 61.05.cm, 61.05.cj, 68.55.am, 61.30.Vx

I. INTRODUCTION

X-ray reflectivity (XRR) offers a powerful tool to study
a wide class of surfaces and buried interfaces with molec-
ular scale resolution1,2. By modulating the contrast, res-
onant or anomalous X-ray scattering techniques exploit
the characteristic absorption spectra of atoms and molec-
ular states to access element- and bond-specific informa-
tion beyond the pure electron density distributions3,4.
Near-Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy5 employs the absorption dichroism for X-
rays polarized parallel (p) and perpendicular (s) to the
incidence plane, to obtain the orientation of specific
molecular bonds. At a given X-ray resonance, absorp-
tion depends on the direction of the electric field vector
of the incident X-ray beam with respect to the associ-
ated molecular orbital. The optical theorem links this
anisotropy to the imaginary part of the refractive index
from which its real part can be obtained by Kramers-
Kronig transformation. Thus, it should in principle be
possible to obtain depth profiles of molecular orientation
in a stratified system with nm-resolution from resonant
XRR measurements in s- and p-incidence.
In contrast to established NEXAFS spectroscopy tech-

niques with their specific probing depths of approx.
1 nm for partial electron yield, up to 10 nm for to-
tal electron yield (TEY), and hundreds of nanometers
for fluorescence yield, Resonant Soft X-Ray Reflectiv-
ity (XRR) data carries full depth dependent informa-
tion with nanometer resolution through structures up
to several 100 nm thickness ranging from buried inter-
faces to the free surface6,7. It is this unique depth profil-
ing capability on the molecular length scale that distin-
guishes it from other established experimental methods
such as nonlinear optical techniques. Analogous resonant

X-ray reflectivity techniques that employ the contrast
of magnetic circular dichroism are successfully used to
study magnetization profiles in thin films8,9. Stoichiom-
etry changes and distortions in the near surface region
of strontium titanate were found by self-consistent mod-
eling of X-ray reflectivity data in s- and p-incidence10.
However, except for one ellipsometry-type experiment
on HOPG11 and its suggestion by different authors1,12,
polarization-dependent resonant XRR experiments at
the carbon K -edge on organic soft matter thin films have
not been reported. While this idea of depth-profiling the
orientation of anisotropic molecular entities is of obvi-
ous interest and relevance to many systems, the proper
optical description of systems having overlapping spec-
tral features each with potentially different polarization
dependence is non-trivial and needs to be demonstrated.

Here we present a study where molecular orientation

FIG. 1: Sketch of the side chain liquid crystalline polymer
poly(2-4-[(4-cyanophenoxy) carbonyl]phenoxyethyl acrylate)
containing two ester (COO, 1 and 3), two phenylene (C6H4,
2 and 4), and one nitrile group (CN, 5) per monomer. The
arrow indicates the long axis of the side chain. In the nematic
liquid crystalline phase, the optical axis of the material is
defined by the average direction of the long axis of all side
chains.
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in a polymer thin film is obtained from polarization de-
pendent resonant XRR experiments. We show that re-
flectivity curves recorded in s- and p-incidence across
soft X-ray absorption resonances of oriented functional
groups at the carbon K -edge exhibit strong linear dichro-
ism that can be quantitatively analyzed using the Berre-
man matrix formalism for reflection and transmission
in anisotropic stratified systems13. To demonstrate this
novel capability, we have studied the side-chain orien-
tation of liquid crystalline polymer (LCP) thin films.
Poly(2-4-[(4-cyanophenoxy) carbonyl]phenoxyethyl acry-
late) (structure in Fig. 1) has a glass transition tempera-
ture of 75◦C and forms a nematic liquid crystalline phase
below 111◦C14,15. These films are excellent model sys-
tems to demonstrate the sensitivity of XRR to molecu-
lar orientation, as the stiff elongated side-groups tend to
align parallel to each other even in bulk and take specific
orientations close to interfaces16. Optical dichroic mea-
surements at the free surface showed an in plane align-
ment of the optical axis17.

II. MATERIALS AND METHODS

A. LCP thin film samples

Thin poly(2-{4-[(4-cyanophenoxy)carbonyl]phenoxy}
ethyl acrylate) (Merck, Darmstadt; LCP100) films were
prepared on silicon wafers (Siltronics, Munich; (100) ori-
entation, p-type boron-doped, 10 − 20Ωcm resistance,
625µm thickness) covered with a native oxide layer. The
wafers were cut in pieces of 0.5 in x 0.5 in and solvent
cleaned (acetone, isopropanol) in an ultrasonic bath. To
remove organic contaminations the substrates were im-
mersed in a freshly prepared piranha solution (one part
H2O2 35% and three parts H2SO4 98%) overnight.36 Af-
ter thorough rinsing with ultra pure water (Millipore
Gradient; 18.2MΩcm) the hydrophilic substrates were
kept under water in a sealed container for further use.
LCP solutions in nitromethane (Acros; 99% p.a.) were
prepared in a concentration of 0.26 wt. % and 1.00 wt. %.
The substrates were spun dried in a laminar flow cab-
inet. Homogeneous thin LCP films of variable thick-
nesses between 8 nm and 50 nm and a RMS surface rough-
ness below 1 nm were prepared by spin coating the LCP
solutions between 750 rpm and 3000 rpm (acceleration
4000 rpm/s, see Tab. I) after filtering through 0.4µm
Teflon syringe filters. The equilibrium nematic structure
was reached by thermal annealing under vacuum.

B. NEXAFS spectroscopy

Total electron yield (TEY) NEXAFS spectra were
recorded at BL6.3.218,19 at the Advanced Light Source
(ALS) for s- and p-polarization at a grazing angle of 20◦

and at normal incidence. The energy resolution around
the carbon K-edge (284 eV) was set to 0.1 eV. Higher

TABLE I: Summary of LCP thin film sample preparation
(LCP solution concentration, spinning speed, annealing) and
characterization parameters (LCP film thickness t, mass den-
sity ρ, surface roughness σ) obtained by fitting of off-resonant
(250 eV) XRR data15. Beamline (BL) details are provided in
the appendix.

No. conc. speed annealing t ρ σ BL
(wt.%) (rpm) (nm) (g/cm3) (nm)

A 0.26 3000 18.5 h @ 95◦C 7.1 1.25 0.6 1
A′ 7.4 1.17 0.5 3
B 0.26 1500 38.0 h @ 100◦C 9.6 1.24 0.7 1
B′ 9.8 1.15 0.5 3
C 0.62 750 18.5 h @ 95◦C 28.6 1.16 0.4 2
C′ 29.5 1.17 0.5 3
D1 1.00 750 38.0 h @ 100◦C 49.0 1.26 0.8 1
D1′ 50.8 1.20 0.6 3
D2 1.00 750 38.0 h @ 100◦C 47.6 1.14 0.5 2
D2′ 94.3 1.19 0.6 3

harmonics were suppressed by a 0.6µm titanium filter.
An external voltage of 9V was applied between the vac-
uum chamber and the sample and the resulting current
was measured with a pico-amperemeter. Data were taken
in s- and p-polarization at a grazing angle of 20◦ and at
normal incidence on two different samples with a LCP
film thickness of approx. 30 nm. Subsequent measure-
ments at the same spot and at different sample positions
confirmed that no significant beam damage occurred dur-
ing data collection. The raw data were normalized by
the synchrotron ring current and corrected for the beam-
line spectrum measured separately with a silicon photodi-
ode. After background correction the data were scaled to
the x-ray absorption coefficients µ taken from the CXRO
database20 and corrected for saturation effects at the low
incidence angles5 by

µ =
µ′ sin θ

sin θ − µ′L
(1)

with an effective electron escape depth L = 6nm de-
termined from the angle dependent TEY signal in s-
polarization.

C. Resonant X-ray reflectivity

Fig. 2 shows a sketch of the scattering geometry for
the polarization dependent XRR measurements.
The experiments in s- and p-polarization were per-

formed in a mobile UHV scattering chamber at an Apple-
II Elliptically Polarizing Undulator at BL4.0.2 at the
ALS and at the BEAR end station at ELETTRA (see
appendix for beamline details). A set of silver ab-
sorbers (Lebow, thickness 0.6µm, 1.0µm, or 1.5µm) ad-
justed the flux and filtered higher harmonic contamina-
tions and stray light from the monocromator in the in-
cident beam spectrum. The reflected intensity spanning
a dynamic range of more than 6 orders of magnitude
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FIG. 2: Sketch of the setup for the polarization dependent
XRR experiments.

was detected with a channel electron multiplier (Sjuts,
Extended Dynamic Range CEM). Outperforming com-
monly used diode detectors, their high sensitivity and
low dark count rate allows fast XRR measurements with
low X-ray dose to avoid beam damage on the sample.
XRR patterns Rs/p (E, θ) were recorded in s- and p-
polarization as energy scans at a constant grazing an-
gle and for fixed X-ray energies between 284.4 eV and
288.0 eV, i.e. around the carbon K -edge, by θ/2θ-scans
from grazing incidence up to a maximum vertical mo-
mentum transfer of q = 2.2 nm−1. Dead time of the de-
tector and counting electronics was corrected by a generic
factor (1−Nτ)−1 with the count rate N and an instru-
ment specific time constant τ determined from reflectiv-
ity measurements of a silicon sample with different filter
settings. The background of the reflectivity data mea-
sured with a CEM was only significant in p-incidence
around the Brewster angle and a constant background of
10−6 was subtracted from the experimental data. A cor-
rection of the beam footprint lθ = dv/ sin θ on the sam-
ple of length ls = 1.3mm at grazing angles θ was applied
by erf (0.83 ls/lθ) assuming a vertical Gaussian intensity
distribution in the primary beam (FWHM see Tab. II).
Reflectivity data vs. energy was normalized by the in-
cident photon flux measured separately with a silicon
photo diode. Off-resonant reflectivity curves at 250 eV
ensured that the observed resonant R (q) anisotropy is
not caused by misalignment or instrumental artifacts, but
rather originates from the orientational order of the LCP
thin films. Additional XRR data in s-polarization for
sample characterization and cross checks was collected
at BL6.3.2 at the ALS.

TABLE II: Vertical dv and horizontal dh beam size (FWHM)
and effective footprint on the sample l for an incident angle θ
of 10◦, 20◦, and 40◦ at beamline BL4.0.2 (1), BEAR (2), and
BL6.3.2 (3).

BL dv (µm) dh (µm) l10◦ (µm) l20◦ (µm) l40◦ (µm)
1 100 100 580 290 160
2 s-pol 40 150 230 120 NA
2 p-pol 150 40 860 440 NA
3 30 300 170 90 50

FIG. 3: (a) NEXAFS TEY spectra around the carbon K -edge
of a 30 nm thick LCP thin films. Spectra were recorded for s-
(red circles) and p-polarization at θ = 20◦ (blue diamonds).
(b) Reflectivity R of a LCP film in s- (red symbols) and p-
(blue symbols) polarization. Energy scans (sample D2) at
different incidence angles (horizontal offset for clarity) of θ =
5◦ (top curves), 8◦ (middle curves), and 15◦ (bottom curves).
The dashed line indicates the energy of of 284.8 eV where R
vs. grazing angle θ divided by the Fresnel reflectivity RF of
the silicon substrate is shown for sample D1 (c).

III. RESULTS AND DISCUSSIONS

A. Spectroscopy and refractive index

Figure 3a shows normalized NEXAFS TEY spectra for
s- and p-incidence at θ = 20◦. Resonances at 285.2 eV,
286.6 eV, and 288.6 eV are associated with the π∗ transi-
tions from the K-shell to the empty antibinding molecular
orbitals of the phenylene, nitrile, and esther groups (see
Fig. 1) respectively21. Pronounced dichroism indicates
an anisotropic orientation of the LCP side chains in the
near-surface region. Increased absorption at the pheny-
lene and nitrile π∗ resonances in p-incidence is consistent
with a structure where the side-chains lay preferentially
parallel to the surface. The absence of strong dichro-
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FIG. 4: Isotropic averaged optical constants n = 1 − δ +
Iβ of the LCP studied in this work. δ (blue curves) were
calculated by Kramers Kronig transformation (see Eq. 2) from
the NEXAFS spectroscopy data (solid curves) and from β for
C19H15O5N given in the CXRO database (dashed curves)20.

ism above 287 eV is consistent with larger orientational
freedom of the C=O bond in the ester group.
Refractive index n (E) = 1 − δ + Iβ and x-ray form

factors f (E) = f1 + If2 are linked to the absorption co-
efficient µ by the optical theorem while δ and β are con-
nected through the Kramers-Kronig transformation20,22

via,

f1 = Z∗ +
2

π

∫ ∞

0

dǫ
ǫ

E2 − ǫ2
f2 (2a)

=
2π

λ2ρMNAre
δ (2b)

f2 =
µ

λρMNAre
(2c)

=
2π

λ2ρMNAre
β (2d)

where Z∗ denotes the relativistic corrected number
of electrons23. The Kramers-Kronig transformation
was calculated numerically using the Euler-Maclaurin
formula, taking every other data point to avoid
singularities24. Off-resonant absorption data was inter-
polated from the CXRO database20. With an integration
range between 10 eV and 30 keV and an equidistant step
size of 0.1 eV we were able to reproduce the off-resonant
database values for f1 in the relevant energy range and
appreciate for the observed NEXAFS resonances.
The absorption coefficient µ in s- and p-incidence can

be calculated from

s-pol: µs =
3µiso

4
[1 + ξ] (3a)

p-pol: µp =
3µiso

4
[1 + ξ + cos θ (1− 3ξ)] (3b)

with an isotropic average µiso and an asymmetry of
0 ≤ ξ ≤ 1/3. Since the absorption resonances from

the different functional groups overlap significantly, the
full energy dependent anisotropic refractive index ellip-
soid can not be calculated from the NEXAFS absorption
data presented in this work in a straightforward way. For
a more detailed discussion of this fundamental problem
see the work of Dressel et al.25 and references therein.
However, the components δ and β of the refractive index
from this isotropic averaged µiso can then be calculated
from Eq. 2 and are shown in Fig. 4 (solid lines) together
with the reference values20 for C19H15O5N (dotted lines)
using a mass density of 1.2 g cm−3.

B. Polarization dependent resonant X-ray
reflectivity

Off-resonant XRR data recorded at 250 eV exhibited
no polarization dependence15. Likewise, Fig. 3b shows
that the reflectivity curves R (E) at fixed angles be-
low 282.5 eV and above 287.0 eV are essentially polariza-
tion independent. For X-ray reflectivity of isotropic sys-
tems the relation Rp = PRs where P = cos2 2θ denotes
the Lorentz polarization factor26 is not exactly fulfilled.
However, it is a good approximation if the refractive in-
dex is close to unity i.e. δ ≪ 1 and β ≪ 1, leading to a
Brewster angle θB close to 45◦. Thus, differences between
Rs and Rp are expected predominantly above absorption
edges and at larger scattering angles. While NEXAFS
spectroscopy provided no clear evidence for a preferred
orientation of the ester groups at the free surface, there
is significant interaction of the polar C=O bond with
the hydrophilic OH terminated SiO2 substrate. While
this would not affect the surface sensitive NEXAFS TEY
spectra it might induce a preferred orientation adjacent
to the buried interface, leading to an anisotropy in the
resonant reflectivity signal around the ester resonance.
These two mechanisms can explain the small intensity
offset above 287.5 eV in the 8◦ and 15◦ curves.
The strong differences in the reflectivity recorded in s-

and p-incidence that appear in the vicinity of the absorp-
tion resonance associated with the phenylene and nitrile
π-systems (see Fig. 5) are consistent with the NEXAFS
data exhibiting strong dichroism from surface alignment
of the functional groups in the LCP side chains. Fringes
in R (q) for s- and p-polarization are shifted with respect
to each other in vertical momentum transfer (Fig. 3c).
To highlight the differences for different polarizations the
data in p-incidence was normalized by P . Figure 6 shows
the asymmetry (Rp − PRs) / (Rp + PRs) for a selection
of reflectivity data collected in s- and p-incidence. From
this graph we can clearly see that degree and direction
of these shifts, as well as the differences in the oscillation
amplitudes, depend strongly on the energy of the incident
X-rays. With increasing scattering angle, the differences
tend to decrease and finally vanish at normal incidence
where the projections of the electric field vectors on the
surface plane become equal.
At the phenylene and nitrile resonances we found no-



5

FIG. 5: Experimental (circles) and calculated reflectivity patterns obtained by parameter refinement (solid black curves) in s-
(left) and p-incidence (right) for different X-ray energies E and film thicknesses d. For details of sample B with 9.6 nm thickness
measured at 284.8 eV (a), 285.4 eV (b), and sample D1 with 49.0 nm at 284.4 eV (c), 284.8 eV (d), and 285.0 eV (e) see Tab. I.
Each curve is vertically offset by a factor of 100. The Fresnel reflectivity of the substrate (silicon, dotted green curve) is added
for reference. The incidence angle θ refers to an X-ray energy of 284.8 eV.

ticeable intensity for p-incidence near the Brewster angle
(Fig. 5), while off-resonance the reflectivity vanishes15 as
expected for an isotropic system. However, anisotropic
films with a parallel component of the optical axis with
respect to the sample surface can be optically active27.
This effect becomes particularly noticeable around the
Brewster angle where in p-incidence a system composed
of isotropic materials reflects zero intensity, while at res-
onant energies partial reflectance was found in Fig. 5b.
Such an orientation with the long axis (see Fig. 1) in the
surface plane is in line with the results from our NEXAFS
data. Furthermore, planar anchoring with a vanishing
perpendicular component was found in Ref.16.

Cross polarized light microscopy data on a similar ne-
matic liquid crystalline polymer sample28 showed do-
mains with different in-plane orientations ϕ and a size
of approx. 50µm.37 Table II compiles the incident verti-
cal dv and horizontal beam size dh and the footprint on
the sample lθ for different grazing angles θ. In all cases
the illuminated sample area was large compared to the
domain size and we never observed rapid changes in the
reflection pattern or the NEXAFS spectra that could be
attributed to different domains when the samples were
moved by distances comparable to the beam size. The
transmission T (d) of a film of thickness d comprised of
domains with different absorption coefficients µ (ϕ) can
not be calculated from the averaged value and vice versa.

T (d) =
1

2π

∫

ϕ

dϕe−µ(ϕ)d 6= e−
d
2π

∫
ϕ
dϕµ(ϕ) (4)

However, since the electron escape depth for TEY is small
compared to the X-ray absorption length the measured
current is in good approximation related to the averaged
absorption coefficient. Likewise, the XRR pattern from
a domain structure is generally not equal to the reflectiv-
ity from the averaged profile. In particular, a film with
an averaged refractive index and an optical axis paral-
lel to the surface normal would not be optically active
and thus is incompatible with our experimental findings.
This justifies the assumption that the measured reflectiv-
ity signal is an incoherent average over several domains
of different, random in-plane orientations ϕ. Thus, while
the NEXAFS TEY spectra are not sensitive to the real
crystallographic optical properties of the single domains,
XRR is.

C. Calculation of XRR curves and parameter
refinement

For quantitative analysis of R (q) we employed an al-
gorithm based on Berremans 4 × 4 matrix method13 for
reflection and transmission in stratified media that serves
as an extension of the Parratt formalism29 for anisotropic
systems. The X-ray reflectivity from a slab model includ-
ing the silicon substrate, the native oxide, and a uniaxial
layer with its optical axis laying parallel to the surface
was calculated as described by Wöhler et al.27. Interfa-
cial width was treated by slicing the profile in 2 Å thick
layers2. To account for random in-plane orientation ϕ of
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FIG. 6: Asymmetry (Rp − PRs) / (Rp + PRs) of the reflec-
tivity data (symbols) and the calculated curves (lines) for
sample B at 285.4 eV (bottom), 284.8 eV (middle), and D1

at 284.8 eV (top). Each curve is vertically offset by 0.5 for
clarity.

the liquid crystalline domains, R (q) for five non symme-
try related configurations was incoherently averaged.38

Refractive indices for the substrate and off-resonant data
were calculated from the X-ray form factors database
compiled by Henke at al.20. To take into account the
large dynamic range of the observed reflectivity signal
of up to 7 orders of magnitude the cost function ∆ in
the parameter refinement algorithm was calculated on a
logarithmic scale,

∆ =
√

〈δ2〉 − 〈δ〉2 (5a)

α = e〈δ〉 (5b)

δi = ln
Rcal

i

αIexpi

(5c)

with the global scaling parameter α for the incident X-ray
flux. Iexpi denotes the experimental data points, Rcal

i the
associated calculated reflectivity. An adaptive simulated
annealing algorithm developed by Ingber30 was employed
for parameter refinement. Thicknesses, interfacial rough-
nesses, and mass densities of the LCP thin films were de-
termined from off-resonant data sets and are compiled in
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FIG. 7: (a) Real f1 and (b) imaginary part f2 of the molecular
X-ray form factors normalized by the number of electrons Z
for a uniaxial LCP domain with the polarization perpendicu-
lar (red) and parallel (blue) to the optical axis. Values were
obtained by parameter refinement of the XRR data from sam-
ple A (circles), B (pentagons), C (diamonds), D1 (triangles
up), D2 (triangles down) and from NEXAFS TEY spectra
(dashed black curves).

Tab. I. For resonant XRR the four independent compo-
nents of the uniaxial complex refractive index ellipsoid of
a single LCP domain were parametrized by the real f1
and imaginary f2 part of the anomalous molecular X-ray
form factors for an X-ray beam with its electric field vec-
tor perpendicular and parallel to the optical axis. Self
consistent values were obtained by simultaneous fitting
of experimental data in s- and p-incidence with the same
parameter set for each X-ray energy and sample. Choice
for parameter ranges and starting values were guided by
the NEXAFS spectroscopy data and adjusted iteratively
to obtain a converging set of final parameters.

The patterns obtained by parameter refinement of
the XRR data using the Berreman formalism quantita-
tively reproduce all the observed shifts in the interference
fringes, their modulation, as well as the overall decay
of the reflectivity curves as shown in Fig. 5. Likewise,
the model appreciates all the features of the asymme-
try curves (Fig. 6) that are most pronounced around the
interference minima and close to the Brewster angle.

The real and imaginary parts of the molecular x-ray
form factors perpendicular and parallel to the optical
axis are compiled in Fig. 7. In particular, around the
phenylene π∗ resonance the peak position and shape of
f2 as well as the characteristic dipolar shape of f1 follow
the energy dependence of the isotropic values calculated
from NEXAFS spectra. This proves that the real and
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imaginary parts of the molecular X-ray form factors ob-
tained by fitting the reflectivity data at different X-ray
energies are generally Kramers-Kronig consistent even
though this constraint was not imposed in the data anal-
ysis. This results from their distinct contributions to the
reflectivity signal, especially in the resonant range where
both δ and β are large or change rapidly with energy.
Differences of about a factor of 3 between the perpendic-
ular and parallel f2 components reflect the high orien-
tational order of the phenylene groups within the liquid
crystalline domains. This is consistent with the obser-
vation that the parameters of the refractive indices tend
to be thickness independent and the experimental data
is reproduced perfectly by a homogeneous LCP slab, i.e.
the orientation induced by the interfaces persists through
the entire film.
Figures 5 and 6 indicates that the errors of the ex-

tracted parameters are not limited by the counting statis-
tics of the experimental data but by factors such as a
slight misalignment, sample inhomogenity, and the as-
sumptions in modeling and calculation of the reflectiv-
ity. An estimate of the combined error is given by the
scatter of the parameters shown in Fig. 7 for a common
energy obtained from independent reflectivity data sets
that were measured at different beamlines and on dif-
ferent samples. Thus, while there is some noise evident
in the resulting f1 and f2 values, their general Kramers-
Kronig consistency is very robust and not affected by the
systematic errors.

IV. CONCLUSIONS

Resonant soft XRR has the capabilities to study thin
film structures of organic materials that exhibit only a
low scattering contrast for hard X-rays31. Here we ex-
tended this method, showing that molecular orientation
in non-crystalline, anisotropic soft matter systems can
be probed by resonant reflectivity in s- and p-incidence.
The refractive index ellipsoid of the LCP domains was
obtained by a quantitative analysis using the Berreman
formalism. For isotropic materials and those with high
symmetry optical constants can be calculated directly
from absorption spectra. However, low symmetry sys-
tems with spectral features from different entities can
impede a straightforward analysis25. Thus, the results
from XRR can serve as comparison and reference for
ab-initio calculations of the dielectric tensor. The pre-
cise depth profiling capability of X-ray reflectivity with
nanometer resolution and access to buried interfaces dis-
tinguishes XRR from NEXAFS spectroscopy and optical
methods. While the LCP films studied here have depth-
independent anisotropy, polarization dependent XRR has
the potential to study depth-dependent molecular orien-
tation in a wide range of interesting and more disordered
systems that cannot be obtained by any other established
technique. Examples include conductive polymers for or-
ganic electronics and structural anisotropy in membrane

materials for gas separation.
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Appendix: Synchrotron Beamlines for XRR

1. Mobile UHV scattering chamber at BL4.0.2,
Advanced Light Source, Berkeley

Beamline 4.0.2 is optimized for magnetic
spectroscopy32 and provides a high flux of nearly
1012 photons/second. It is equipped with an Apple-II
Elliptical Polarizing undulator33 for various X-ray
polarizations including linear s and p and provides a free
beam port that can accommodate mobile user instru-
ments such as the UHV scattering chamber developed
and operated by J. B. Kortright. For the experiments
around the C K-edge the beamline was operated on the
1st undulator harmonic using a 700 1/mm grating and
a monochromator entrance and exit slit width between
15µm and 20µm. At 285 eV this results in a resolving
power of approx. 7000 and a photon flux at the sample
position of about 3 × 108 photons/second for s-pol
and 1 × 108 photons/second for s (0.15µm aluminum
window, 0.6µm silver filter).

2. Bending magnet for Emission Absorption and
Reflectivity (BEAR), ELETTRA, Synchrotrone

Trieste

The BEAR instrument34 is installed at the bending
magnet BL8.1 L. It covers the spectrum from the visible
to soft X-rays (3 eV− 1.6 keV), and is particularly suited
for experiments in the energy range between the carbon
and oxygen K edge. It is equipped with a reflectometer
end station, working in linear and (variable) elliptically
polarized light. A resolving power better than 2000 at
290 eV was obtained with the 1200 1/mm grating, high
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flux mode, 50µm monochromator exit slit. Additional
measurements on the degree of linear polarization using a
tungsten-silicon multilayer confirmed a PL

35 better than
0.96 at 285 eV and 0.93 at 288.5 eV respectively.

3. Calibration and standards beamline of the
Center for X-Ray Optics, BL6.3.2, Advanced Light

Source, Berkeley

For sample characterization and comparison with the
polarization dependent data X-ray reflectivity curves

were measured at BL6.3.218,19. The beamline parame-
ters were: 600 1/mm monochromator grating, 35µm exit
slit width; 3 mm, 1 mm, or 0.35 mm aperture to adjust
incident flux for the different q ranges; titanium filter;
nickel order sorter; Burle CEM detector.

∗ Present Address: Max Planck Institute for Polymer
Research, 55128 Mainz, Germany.; Electronic address:
mezger@mpip-mainz.mpg.de

† Present Address: ALBA Synchrotron Light Source, 08290,
Cerdanyola del Valls, Barcelona, Spain.
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