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B
uilding on advances in the field of
metamaterials, researchershave recently
demonstrated how the magnetic re-

sponse fromman-made nanostructures can
be used tomap optical-frequency magnetic
fields1�3 and study magnetic light-matter
interactions.4�6 Together with these devel-
opments, there has been renewed interest
in the MD transitions of lanthanide ions for
use in nano-optics as natural probes of the
magnetic component of light.7�9 Experi-
mental studies have shown how the MD
emission fromEu3þ ionscanbeenhanced,10�12

and numerical simulations have identified
metal and dielectric nanostructures that
could enhance MD emission from the
1.55μmtelecom line in Er3þ ions.13�16 Recent
calculations have also identified nearly 2000
optical-frequency MD emission lines in the
trivalent lanthanide series.17

To experimentally characterize the mag-
netic nature of light emission in lanthanide
ions, Taminiau et al.9 recently used energy-
and momentum-resolved spectroscopy to
distinguish ED and MD transitions and to
quantify their intrinsic spontaneous emis-
sion rates. This energy-momentum spectro-
scopy technique revealed a set of spectrally
close ED andMD emission lines in Eu3þ near
580 nm that were subsequently used as
nanoscale probes of the ED and MD local

density of optical states (LDOS). To extend
this method to other wavelengths, it would
be advantageous to identify additional sys-
tems in which MD transitions appear in
close spectral proximity to ED transitions.
Transition-metal doped crystals repre-

sent another class of solid-state emitters
that exhibit strongMD transitions and could
fulfill this purpose. Similar to the intra-4f
transitions of lanthanide ions, the intra-3d
transitions of transition-metal ions within
high-symmetry (e.g., octahedral) sites are
ED forbidden but MD allowed.18,19 Unlike
the 4f orbitals of lanthanide ions though,
the 3d orbitals of transition-metal ions are
not shielded by closed outer orbitals. Con-
sequently, transition-metal ions interact more
strongly with their crystal host, which causes
the emission frompurely electronic transitions
(also called zero-phonon lines) to be accom-
panied by vibronic (phonon-assisted) side-
bands, and provide a complex system with
rich luminescent properties.
In this paper, we quantify the MD con-

tribution to room temperature emission
from trivalent chromium (Cr3þ) dopedmag-
nesium oxide (MgO) thin films. Using con-
tinuous and time-resolvedenergy-momentum
spectroscopy, we characterize light emission
from the Cr3þ:MgO 2E f 4A2 zero-phonon
line (ZPL) as well as the related 2Ef 4A2 and
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ABSTRACT Due to the recent interest in magnetic light-matter interactions, the magnetic dipole (MD)

transitions in lanthanide ions have been studied for potential applications in nano-optics. Similar to

lanthanide ions, transition-metal ions also exhibit strong MD emission at room temperature, but their

prominent MD zero-phonon lines are often accompanied by significant electric dipole (ED) sideband

emission. Here, we extend energy-momentum spectroscopy to time-resolved measurements, and use this

technique to quantify the ED and MD contributions to light emission from trivalent chromium doped magnesium oxide (Cr3þ:MgO). This allows us to

differentiate the MD 2E f 4A2 zero-phonon line from phonon-assisted 2E f 4A2 and
4T2 f

4A2 ED sidebands. We also demonstrate how the relative

intensities of the sharp MD zero-phonon line and the broad ED sidebands can be used as a qualitative measure of the MD and ED local density of optical states.

KEYWORDS: light-matter interactions . magnetic dipole transitions . time-resolved spectroscopy . transition-metal ions .
local density of optical states (LDOS) . photoluminescence
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4T2f
4A2 sidebands near 700 nm.We confirm previous

findings that the 2E f4A2 ZPL is mediated by MD
transitions, whereas the sidebands are mediated by
ED transitions. In contrast to other methods,20�22

energy-momentum spectroscopy does not require
single crystal samples with known crystallographic
orientation and can be used to study polycrystalline
thin films. It is also well-suited for time-resolved stud-
ies. Using a time-gated intensified camera to acquire
energy-momentum spectra, we characterize the time
evolution of ED and MD emission and use the MD ZPL
emission as an internal reference to separate the fast-
and slow-decaying ED transitions. Furthermore, we
show that the observed ZPL-to-sideband ratio can be
used as a qualitative measure of the relative MD/ED
LDOS, and demonstrate that simple optical engineer-
ing can be used to selectively enhance ZPL emission.

RESULTS AND DISCUSSION

At low concentrations Cr3þ is a substitutional dopant
that replaces Mg2þ within the octahedral sites of the

cubic MgO crystal. In these sites, the ground state for
the 3d3 configuration of Cr3þ is 4A2, whereas the first
excited state is 2E and the second excited state is 4T2
(see inset in Figure 1).18 Figure 1 shows the room
temperature emission spectrum of a 22 nm Cr3þ-
doped MgO thin film deposited on a quartz substrate.
The sharp feature near 699 nm corresponds to the
2E f 4A2 ZPL, whereas the emission peaks at longer
and shorter wavelengths correspond to the Stokes and
anti-Stokes phonon sidebands, respectively. (Although
the 2Ef 4A2 ZPL is generally described in the literature
by its low temperature wavelength of 698.1 nm, this
line red-shifts with increasing temperature and is close
to 699 nm at room temperature.23)
The MD nature of the 2E f 4A2 ZPL has been

previously determined bymeasuring its Zeeman splitt-
ing in aweakly doped Cr3þ:MgO crystal at liquid nitrogen
temperature and comparing it to the theoretically calcu-
lated Zeeman patterns for ED and MD transitions.20 On
the other hand, optically detected magnetic resonance
(ODMR) measurements have shown, again at liquid
nitrogen temperature, that the phonon sideband emis-
sion is consistent with ED transitions mediated by the
odd parity, T1u, phonon vibrations.21 These and other
methods22 used to determine the nature of the ob-
served transitions rely on cryogenic temperatures to
minimize broadening effects such that the ZPL and
sidebands are spectrally well separated. Furthermore,
at higher temperatures, it is known that emission from
the 4T2 f

4A2 transition, which partially overlaps with
the 2E f 4A2 transition, becomes increasingly impor-
tant.24,25 To enable the use of Cr3þ:MgO as a room
temperature probe of the ED and MD LDOS, we must
first quantify the different ED and MD contributions to
the emission spectrum seen in Figure 1.

Figure 1. Room temperature emission spectrum of Cr3þ:
MgO thin film under 488 nm laser excitation. Inset: Energy
level schematic of Cr3þ ions in octahedral sites.

Figure 2. Characterization by energy-momentum spectroscopy under continuous illumination. (a) Experimental energy- and
momentum-resolved spectra for s- and p-polarization, respectively. (b) Momentum cross sections of the experimental data
(solid lines) and theoreticalfits (dashed lines) taken at 699.6 and 721.9 nmcorresponding to the ZPL and the phonon sideband
peak, respectively.
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For this purpose, we first employed the energy-
momentum spectroscopy technique described in ref
9 using continuous illumination. Figure 2a shows the
steady-state energy- andmomentum-resolved spectra
for the s- and p-polarized emission of Cr3þ:MgO. To
analyze this system, we assume that emission origi-
nates from isotropic ED andMD emitters located at the
center of a 22 nmMgO thin film with a refractive index
of 1.73. As described in the Methods, we fit the
p-polarized momentum cross sections at each wave-
length to theoretical calculations and obtain the relative
ED and MD contributions. For comparison, two experi-
mental cross sections with high MD and high ED con-
tributions are shown in Figure 2b together with the fit
results. In addition to the fractional ED and MD contribu-
tions, this analysis also provides the spectrally resolved
intrinsic ED and MD emission rates shown in Figure 3.
Note that the most pronounced MD contribution to

emission near 699 nm corresponds to the 2Ef 4A2 ZPL,
whereas the sidebands are clearly dominated by ED

emission. These results also show that, at room tem-
perature, the MD ZPL is not spectrally distinct but is in
fact superimposed on the broad ED sideband; the MD
contributions at 699.6 nm corresponds to∼60% of the
intrinsic emission rate, and the remaining ∼40% is ED
emission. As discussed above, it is known from the
literature that the 2E f 4A2 emission band partially
overlaps with the 4T2 f 4A2 emission band of Cr3þ,
which might account for the large ED signature we
observe in Figure 3. To characterize the extent towhich
the 4T2 f 4A2 transition contributes to observed ED
emission, we performed time-resolved photolumines-
cence studies of Cr3þ:MgO emission. These include
standard time-resolved measurements of the energy
spectra as well as time-gated measurements of the full
energy-momentum spectra.
Using pulsed excitation and a gated intensified

camera, we first measured the photoluminescence
energy spectrum as a function of time. The result-
ing time-dependent emission spectra are shown in
Figure 4a (see Supporting Information for a movie of
the time-varying energy spectra). To highlight the
temporal and spectral changes, Figure 4b,c provides
normalized cross sections for different times and
wavelengths. During the excitation pulse, we observe
a rapid increase in emission at long wavelengths
(>750 nm), which then decreases significantly once
the pump pulse ends at t = 0.6 ms. This initial fast rise
and fall suggests that part of the broad emission results
from a different excited state that exhibits a short
(<100 μs) lifetime. On the other hand, the ZPL emission
from the 2E f 4A2 transition continues to radiate long
after the end of the excitation pulse and decays with a
much longer lifetime (>1 ms).

Figure 3. Spectrally resolved ED andMDemission rates,AED
(red) and AMD (green), deduced from theoretical fits to the
experimental energy-momentum spectra shown in Figure 2.

Figure 4. Time-resolved energy spectra of Cr3þ:MgO. (a) Color plot of Cr3þ:MgO emission as a function of time and
wavelength. (b) Normalized emission spectra cross sections taken at different times indicated by white dashed lines in (a). (c)
Normalized intensity as a function of time at different wavelengths.
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Next, we introduced a Bertrand lens and polarizer
into the optical path to acquire the s- and p-polarized
energy-momentum spectra as a function of time for
50 μs intervals (see Methods for details on the experi-
mental setup and Supporting Information for a movie
of the time-varying energy-momentum spectra). As
described in the Methods, we then fit the momentum
distribution of the acquired p-polarized data with
theory at each wavelength and time step, which
allowed us to characterize the dynamic evolution of
the ED and MD emission rates. The fit results are
summarized in Figure 5a where the false-color plot
shows the relative ED and MD emission rates as a
function of both time and wavelength (see Supporting
Information for a movie of the time-varying rates).
These spectrally and temporally resolved emission
rates are the product of the time-varying excited state
population with the spectrally resolved emission rates
for ED and MD transitions. Select wavelength and time
cross sections are highlighted in Figure 5, panels b and
c for direct comparison. We again see that the only
significant MD contribution comes from the ZPL near
699 nmwhich decays slowly. ED emission, on the other
hand, exhibits both a fast- and slow-decaying contri-
bution as can be seen from Figure 5b. From this time-
resolved characterization, we can also calculate the
MD percentage at 699 nm as a function of time;
whereas MD emission accounts for ∼56% of the total
emission rate at the very start of the excitation pulse,
this value increases over the duration of the pulse to
∼66% and continues to rise until it reaches a value of
∼74% at 2 ms after the pulse ends. This indicates that,
although some of the ED emission at 699 nm is due to

fast-decaying EDs, the ZPL still has significant overlap
with a slow-decaying ED emission process.
Having characterized the ED and MD intrinsic rates

as a function of time and wavelength, we can also
separate the fast and slow ED emission processes. Note
that the MD ZPL and the slow ED component decay at
the same rate, as evidenced by the green (MD) and
purple (ED) time traces in Figure 5c. Consequently, the
intrinsic MD ZPL emission can be used as an internal
reference for the slow-decaying processes. We obtain
the slow-decaying intrinsic ED emission spectra by
integrating Figure 5a for t > 1 ms and normalizing it
to the integrated MD ZPL emission for the same time
range. We then scale this spectrum with the MD ZPL
emission at each time bin to model the time evolution
of the slow-decaying ED process. Subtracting this slow-
decaying ED component from the total ED emission
rates shown in Figure 5a allows us to isolate the fast-
decaying ED emission process. As an example, Figure 6
shows the spectrally resolved ED emission rates sepa-
rated into fast- and slow-decaying components, to-
gether with the reference MD emission.
The fast-decaying emission component has been

previously attributed to the 4T2 f
4A2 emission origi-

nating from Cr3þ ions in sites with orthorhombic
symmetry.24,25 Although MgO is a cubic crystal with
purely octahedral sites, the replacement of divalent
Mg2þ by trivalent Cr3þ results in charge compensation
vacancies, which can lower the site symmetry from
octahedral to orthorhombic and tetragonal.18 In
orthorhombic sites, the crystal fields are effectively
reduced such that the 4T2 excited state has a lower
energy than the 2E excited state.25 (This is equivalent to

Figure 5. Spectrally and temporally resolvedEDandMDemission rates of Cr3þ:MgO. (a) False color plot of Cr3þ:MgOemission
rates, AED (red) and AMD (green), as a function of time and wavelength. (b) Spectrally resolved emission rate cross sections
normalized to theAED peak near 721 nm for the t= 0.1ms and t= 0.55ms timestamps indicatedbywhite dashed lines in (a). (c)
Time decay traces for the emission rates normalized to themaximumcount position (t = 0.4ms) at select wavelengths for AMD

(699 nm) and AED (721 nm, 760 nm, and 800 nm) emission.
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a movement toward the left on the standard Tanabe-
Sugano diagram for the 3d3 configuration.19) Conse-
quently, emission from ions in these sites is dominated
by the broad spin-allowed 4T2 f 4A2 transition cen-
tered at ∼800 nm. The time-resolved characterization
reveals that this fast-decaying component is purely of
ED character, as one would expect from its speed and
site symmetry. In tetragonal sites, the 2E state is still the
first excited state, but its ZPL emission is significantly
decreased at room temperature and disappears above
300 K.25 Our results are in agreement with these asser-
tions as we do not observe any emission peaks near
703 nm that could be associated with the 2Ef 4A2 ZPL
of tetragonal site ions.
The slow-decaying broad emission overlapping with

the 2E f 4A2 ZPL and its ED sideband, on the other
hand, has been attributed to the 4T2 f

4A2 emission
from octahedral and tetragonal site Cr3þ ions.24,25 At
room temperature, the small energy separation be-
tween 2E and 4T2 states results in significant 2E f 4T2
energy transfer followed by 4T2 f 4A2 emission that
spectrally overlaps with the 2Ef 4A2 transition. Conse-
quently, we believe the majority of the slow-decaying
ED emission that we observe in Figures 5 and 6 is due
to the 4T2 f

4A2 transitions from octahedral and tetra-
gonal site Cr3þ ions.
Even though the MD ZPL emission of Cr3þ overlaps

with a broad ED emission band, the ZPL-to-sideband
ratio can still be used as a qualitative probe of the
relativeMD to ED LDOS. As a simple example, Figure 7a
shows the emission spectrumof the Cr3þ:MgO thin film
shown in Figure 1 togetherwith the emission spectrum
of an identical sample that has been coated with an
additional 90 nm MgO thin film. Both spectra have
been normalized to the intensity of the ED sideband
peak located at 721 nm. Whereas most of the emission
spectrum remains unchanged for the coated sample,
the MD ZPL is significantly enhanced compared to the
ED sideband. This large difference is due to the fact that
the ED LDOS is higher than the MD LDOS within a
high-refractive-index thin film.9 Consequently, for the
bare 22 nm Cr3þ:MgO thin film, the ED sideband is

enhanced compared to the MD ZPL. Coating the Cr3þ:
MgO layer with an additional 90 nm of MgO, however,
reverses this situation and enhances the MD ZPL more
so than the ED sideband. This increased contrast of the
ZPL in such engineered optical environments could
also be useful for fundamental studies of other ZPLs
that overlap with much stronger sidebands and are
thus difficult to detect.
To confirm that the increased ZPL-to-sideband ratio

shown in Figure 7a is due to LDOSmodification, we also
measured the lifetimeof the 2E excited state. To this end,
we performed time-resolved energy-momentum spec-
troscopy measurements on both the bare and coated
samples. As shown in Figure 7b, this allows us to isolate
the dynamics of the 2E f 4A2 MD ZPL transition and
thus monitor the time decay of the 2E excited state.
Consistent with an increased total LDOS, we observe
that the lifetime decreases from ∼1.74 ms for the bare
sample to ∼1.26 ms for the coated sample. However,
this excited state lifetime is a complicated function that
depends on all decay mechanisms from the 2E state,
including both MD and ED direct emission (i.e., the
2E f 4A2 MD ZPL and the 2E f 4A2 ED phonon
sidebands) as well as energy transfer to the 4T2 state,
which is followed by 4T2f

4A2 ED emission. As ED tran-
sitions dominate the emission process (see Figure 5a),
lifetime variations should mainly follow that of the
associated ED LDOS. For comparison, we calculated the

Figure 6. Example decomposition of the total ED emission
rates (Figure 5a at t = 200 μs) into slow- and fast-decaying
components together with the MD emission rate used as a
reference for the slow-decaying ED process.

Figure 7. ZPL to sideband ratio as a qualitative measure of
theMD/ED LDOS. (a) Comparison of a bare 22 nm Cr3þ:MgO
thin film emission spectrum to an identical sample coated
with an additional 90 nmMgO overcoat. The contrast of the
ZPL over the sideband emission is enhanced as the ratio of
the MD to ED LDOS increases with the addition of the
overcoat layer. (b) Time-resolved MD ZPL emission rates
for the bare and coated samples normalized to maximum
values. Fitting to single exponential decays (dashed lines)
shows that the lifetime decreases from 1.76 ( 0.06 ms for
the bare sample to 1.26 ( 0.05 ms for the coated sample.
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LDOSmodifications for isotropic ED andMD transitions
emitting at 700 nm.26 Assuming unity quantum effi-
ciency, the calculated ratios of the lifetimes should be
τED
coated/τED

bare = 0.81 and τMD
coated/τMD

bare = 0.51 for pure ED
andMD transitions, respectively. As expected, themea-
sured lifetime ratio (τcoated/τbare = 1.26/1.74 = 0.72) lies
between these values and is close to that of the
dominant ED transitions. Consistent with the enhanced
MD ZPL emission shown in Figure 7a, these calcula-
tions also show that the MD LDOS nearly doubles with
the addition of the overcoat, whereas the ED LDOS
increases by only 23%. This highlights the probative
value of the ZPL-to-sideband intensity ratio, especially
when collected over a broad range of modes (e.g., in
this case over NA = 1.3). Although the lifetime can be
difficult to interpret by itself, the emission intensity
ratio of the MD ZPL relative to the ED sideband can
provide a qualitative gauge of the MD to ED LDOS.

CONCLUSION

In conclusion, we have experimentally characterized
the different ED and MD contributions to the room
temperature emission spectrum of Cr3þ:MgO thin films.
Specifically, we expanded the energy-momentum
spectroscopy method to the time domain, which
allowed us to quantify the dynamic evolution of the
MD 2E f 4A2 ZPL and its associated ED sidebands as
well as the ED emission originating from 4T2 f 4A2

transitions from Cr3þ ions in different ion sites.
MD emission in transition-metal ions is not limited to

the 2E f 4A2 ZPL of Cr
3þ. Many other transition-metal

ions support strong MD emission lines over a wide
range of wavelengths. For example, Mn4þ and V2þ ions
inMgO,which share the 3d3 electronic configuration of
Cr3þ, also exhibit MD emission from their ZPLs at 654
and 870 nm, respectively.23,27 In addition to nanometer
scale thin films, transition-metal doped MgO can also
be synthesized in the form of highly regular cubic
nanocrystals.28,29 Furthermore, as these ions interact
strongly with their electronic surrounding, their emission

spectrum can differ sharply from one host crystal to
another. For example, while the 3T2 f

3A2 ZPL of Ni
2þ

occurs near 1.3 μm in MgO, the same transition is
shifted to near 1.55 μm in MgF2.

30 Consequently, the
MD emission of transition-metal ions could serve as
local probes of the optical-frequency magnetic field
over a broad spectral range.
To this end, we have demonstrated how time-

resolved energy-momentum spectroscopy can be
used to characterize and quantify the different ED
and MD contributions to room temperature transi-
tion-metal ion luminescence. We have also shown a
simple demonstration of how the relative intensity of
a sharp MD ZPL as compared to broad ED sidebands
can be used to gauge the relative ratio of the MD and
ED LDOS. Better engineered optical environments
leveraging the difference between the ED and MD
LDOS could significantly increase the ZPL-to-sideband
contrast. Tailoring the LDOS to enhanceMD ZPLs while
simultaneously suppressing ED sidebandsmight prove
useful for quantum information processing applica-
tions, where accessing the ZPL is particularly important
tominimize decoherence. Building on the recent study
of different ED orientations in the organic semicon-
ductor PTCDA,31 the distinct radiation patterns of ED
and MD transition could also be used to isolate distinct
populations and selectively access the ZPL for dynamic
study using conventional single-photon avalanche
photodiodes.
Finally, the time-resolved nature of this study can

also be extended to other recent applications of
energy-momentum spectroscopy for the characteriza-
tion of directional Raman scattering32 and luminescent
excitons in layered nanomaterials.31 Although the
present work focused on the relatively slow dynamics
of the long-lived Cr3þ states, intensified cameras such
as the one used here can be gated down to sub-500 ps.
Thus, time-resolved energy-momentum spectroscopy
can be readily used to study faster dynamics, such as
the reorientation of excitons in organic semiconductors.

METHODS
Sample Fabrication and Experimental Setup. The 22 nm chro-

mium-doped magnesium oxide thin-films were deposited onto
quartz coverslips via electron beam evaporation of Cr3þ:MgO
(0.1 atom%) pellets. Cr3þ ionswere excitedwith a 488 nmpump
laser (Coherent Innova 300C) and their photoluminescence was
collected through a 1.3 NA 100� microscope objective in an
inverted microscope (Nikon TE2000). For standard spectral
measurements, the collected emission was focused to the
entrance slit of an imaging spectrograph (Princeton Instru-
ments, SP2300i) and detected with either a CCD camera for
continuous-wave measurements (Princeton Instruments,
ProEM) or a gated intensified CCD camera (Princeton Instru-
ments, PI-MAX4 1024i RB) for time-resolved measurements. For
energy-momentummeasurements, a 50 mm Bertrand lens was
placed between the spectrograph andmicroscope to image the
back-focal plane (BFP) of the objective onto the entrance slit as
described in detail in ref 9. Time-resolved photoluminescence

experiments were carried out with pulsed 488 nm excitation
obtained using a mechanical chopper (Stanford Research,
SR530). To measure the luminescence as a function of delay
time following pulsed excitation, the PI-MAX4 intensified cam-
era was gated at ∼50 μs intervals and sampled for repeated
excitation cycles. The peak count rates for the timed-resolved
energy-momentummeasurements presented here were on the
order of 20 kHz per pixel, which corresponds to one count per
gated acquisition per pixel.

Fitting Procedure. To quantify the ED and MD contributions,
we use the formalism derived in ref 9 to fit the time-resolved
energy-momentum intensity spectra to a superposition of ED
and MD emission:

Is;p(ω, k ), t) ¼ C[Fes;pED (ω, k ))AED(ω, t)þ Fes;pMD(ω, k ))AMD(ω, t)] ð1Þ
In this expression, C is a proportionality constant that depends
on experimental parameters, e.g., the excitation efficiency and
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ion density. ~FEDs,p(ω, k )) and ~FMD
s,p (ω, k )) are the normalized ED

and MD LDOS for which explicit expressions are provided in
Supplementary Equations S6�S14 of ref 9. AED(ω,t) and
AMD(ω,t) are the spectrally and temporally resolved ED and
MD spontaneous emission rates in a bulk medium; they
represent the product of the intrinsic emission rates (i.e.,
the spectrally resolved Einstein A coefficients, AED(ω) and
AMD(ω)) and the time-varying excited state populations for
the active ion sites (e.g., noct(t), ntet(t), and nrhomb(t)). Explicitly,
for Cr3þ:MgO at room temperature, the MD rate mainly
includes contributions from octahedral sites and, to a
lesser extent, tetragonal sites, AMD(ω,t) = AMD

oct (ω)noct(t) þ
AMD
tet (ω)ntet(t), whereas the ED rate can include contribu-

tions from octahedral, tetragonal, and orthorhombic sites,
AED(ω,t) = AED

oct(ω)noct(t) þ AED
tet(ω)ntet(t) þ AED

rhomb(ω)nrhomb(t).
Since the system under study is clearly inhomogeneous
(i.e., Cr3þ ions in different sites exhibit distinct spectra and
dynamics), the spectrally and temporally resolved emission
rates are a complex and evolving function that depends on
both the emitters and optical environment. Nevertheless, the
fit values for AED and AMD obtained at each wavelength (and
time step for time-resolved measurements) provide a direct
measure of the ED and MD contributions to light emission.9

Least squares fits to eq 1 were performed on the p-polarized
data, whereas the s-polarized theoretical curves in Figure 2b
were obtained from the p-polarized fits without any addi-
tional parameters and are shown for completeness.
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