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We report the first experimental results on angle-resolved elastic light scattering in the
soft X-ray regime, where free sub-micron particles in the size regime between 150 and 250
nm are studied in the gas phase by using a continuous particle beam. Two different types
of studies are reported: (i) Angle-resolved elastic light scattering experiments provide spe-
cific information on the scattering patterns in the regime of element-selective inner-shell
excitation near the Si 2p-edge (80—150 eV). In addition to intense forward scattering, we
observe distinct features in the angle-resolved scattering patterns. These are modelled by
using Mie theory as well as a model that includes contributions from diffuse and specular
reflection. The results are primarily attributed to scattering from soft X-rays in the surface
layer. (ii) Spectroscopic experiments are reported, where the photon detector is placed at a
given scattering angle while scanning the photon energy near the Si 2p-absorption edge.
These results are also analyzed by a Mie model, yielding accurate information of the size
distribution.

1. Introduction

Elastic light scattering from free particles is an approach that has been successfully
used for many years to probe the size, shape, and index of refraction of microparticles.[1-
4] Pioneering work goes back to Gustav Mie a century ago, who reported the assignment
of light scattering patterns of colloidal metal particles.[5]

It is well-known that Mie scattering is accompanied by a typical intense forward-
scattering lobe for x >> 1, where x is the Mie size parameter (x = niD/A). Here, D corre-
sponds to the diameter (size) of the particle and A is the wavelength of the incident radia-
tion. Moreover, distinct variations in the scattered light intensity give a unique signature of
the particle’s optical properties. These unique features allow one in the UV and visible re-
gime to derive, via Mie simulations, the particle size and the index of refraction with high
accuracy.[2,6]
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More recent work has focused on short wavelength radiation in Vacuum UltraViolet
(VUV), as a promising way to study sub-micron particles.[7] It has been shown that sizes
of free particles below D = 300 nm can only be probed by VUV-radiation, whereas ultravio-
let and visible light are suitable to probe optical properties of microparticles by elastic light
scattering. Note, that ensembles of nanoparticles in liquid dispersions can be properly
sized by visible light. The difference compared to the present work is that light scattering
from particles in solution relies on fluctuations of the refractive index, which are caused by
fluctuations in density and concentration.[8] Thus, the scattered light signal may be influ-
enced by other factors, such as interactions of the particles with the solvent. Note also,
that size information on single nanoparticles in the gas phase via elastic light scattering
cannot be derived in the visible regime. This is because with visible light, nanoparticles
have Mie size parameters around or well below unity. In this regime, the scattering cross
section drops rapidly with decreasing x and scales as R8/A4, where R is the radius of the
particle. Additionally, the angle-resolved scattering patterns become similar to that of a
Hertz dipole in the regime of x < 1.

Angle-resolved light scattering patterns of free nanoparticles have been measured in a
continuous particle beam approach, which is similar to the present experimental
setup.[7,9,10] Short wavelength radiation in the VUV and soft X-ray regimes has the inher-
ent advantage that the Mie size parameter of sub-micron particles becomes sufficiently
large with increasing photon energy to observe properties of Mie scattering. However, be-
sides intense forward scattering, previous work has shown little evidence of Mie reso-
nances so far.[7,9,10] This is mostly due to changes in the index of refraction, particle size
distributions in the beam, and a somewhat limited range of accessible scattering angles in
previous measurements (cf. ref. [7, 9,10]).

Evidence that elastic light scattering from single, size-selected particles has been ob-
served, arising from an alternative approach for plotting the experimental results.[11]
Angle-resolved light scattering can alternatively be presented by plotting the dimensionless
parameter gR, where q is the scattering wave vector, instead of the scattering angle.[11—
13] This approach yields, besides evidence for Mie resonances, slopes of —2 or —4, which
have been assigned in terms of the phase shift, multiple scattering, and the illuminated
portion of the particles. Indeed, previous work in the VUV regime clearly indicated that
such even-numbered slopes occur.[9]

Besides free particles in the gas phase, numerous works have been performed in
which deposited samples of particulate matter were studied in the soft X-ray regime.[14] X-
Rays are known to be suitable to probe structured surfaces by scattering experiments.15
Specifically, soft X-ray scattering from deposited nanoparticles of polymers has been stud-
ied recently, where the region of small values of g was investigated, yielding accurate size
information.[16]

In general, it is expected that investigations of free nanoparticles in the gas phase are
advantageous compared to studies on the corresponding adsorbed species, since there is
no influence of any substrate. Moreover, multiple scattering between closely spaced parti-
cles (cf. ref. [17]) is inhibited, which permits the application of Mie formalism for data
analysis.

We report in this study first experimental results on angle-resolved elastic light scatter-
ing in the soft X-ray regime, where free sub-micron particles are studied in the continuous
beam. This approach is complementary to single trapped nanoparticles, where the charg-
ing mechanisms were derived recently.[18] However, in trapped, single particle experi-



ments, radiation damage may occur, which can change the particle properties.[19] The
present approach overcomes this inherent drawback, since a constantly fresh sample of
well defined, size-selected, sub-micron particles is studied. We use for the present work
silica nanoparticles in the size regime between 150 nm and 250 nm as a simple and robust
model system. Related to the present work are soft X-ray reflectivity measurements on
amorphous SiO., which yield near-edge spectra and the optical constants in the Si
2p-regime.[20—24]

2. Experimental

Free variable size nanoparticles are prepared in a continuous beam, similar to previous
work.[7,9,10] This approach makes use of the following components, which are described
in more detail in the following: (i) sample preparation by generating and spraying a disper-
sion of nanoparticles into a controlled gas phase at ambient pressure by using an atomizer
(TSI 3076); (ii) size selection is accomplished by an electrostatic classifier, yielding iso-
lated nanoparticles of defined size (TSI 3080L); (iii) transfer of the particles into the high
vacuum chamber and focusing of the continuous particle beam by an aerodynamic lens
system, including a triple differential pumping system; (iv) interaction with a beam of
monochromatic X-rays from the storage ring BESSY (Berlin, Germany); (v) angle-resolved
detection of the scattered radiation.

Variable size silica nanoparticles are prepared by chemical syntheses,[9] which rely on
the Stéber approach.[25,26] The particles are repeatedly cleaned by centrifugation and re-
dispersion in purified ethanol. The particle sizes (and standard deviations) are determined
by Transmission Electron Microscopy (TEM), yielding: (i) 147 nm (+4.8%), (ii) 188 nm
(4.2%), and (iii) 251 nm (£3.4%). Subsequently, the particle sizes (and relative widths of
the size distributions at full width half maximum) are measured by the particle sizer: (i) 151
nm (+£10.0%), (ii) 202 nm (+7.4%) and (iii) 250 nm (+6.0%). These sizes are determined by
a calibrated Differential Mobility Analyzer (DMA), which is equipped by a condensation par-
ticle counter (particle sizer system TSI 3936L22). They are fully consistent with those from
TEM, where the increased widths of the distributions in DMA-sizing are primarily due to the
resolution of this device. The widths of the particle size distributions are expected to de-
crease with particle size,[9] as observed in TEM and DMA measurements. Considering the
particle sizes and their size distributions, as determined by two independent approaches,
we refer to these sizes by rounded values in the following discussion. These correspond to
~150 nm, ~200 nm, and ~250 nm, respectively. We use these rounded values throughout
this work.

The liquid dispersions containing the nanoparticles of well-defined size are diluted to
~0.5 g/ L'. Recent work has shown that high particle concentrations in the liquid phase

lead to the enhanced formation of aggregates after they are transferred into the gas phase
by spraying the liquid samples into the atmosphere at ambient pressure.[9] The droplets
are dried in a diffusion dryer (TSI 3062) and neutralized by a 8Kr source (TSI 3077). This
yields a beam of isolated silica nanoparticles of well-defined size. The particles are either
singly or doubly charged, where the charge state is inferred from the particle sizer (TSI
3936L22), as shown in Fig. 1. The particle sizer consists of a differential mobility analyzer
(TSI 3081) and a condensation particle counter (TSI 3022A). As a result of the control of
particle size in the gas phase, the particle beam has been used in this study without pri-
mary size selection. This provides a substantial increase in target density. Typical particle
densities of =6 x 108 particles per cm?3 are obtained from this particle preparation, which is
sufficient for angle-resolved light scattering experiments. The particles are focused by an



aerodynamic lens system. It is mounted behind a primary aperture of 180 ym, so that the
pressure at its entrance is reduced from ambient pressure to ~10 mbar. The lens system
has a total length of 300 mm. It consists of six apertures, which are mounted at equal dis-
tances of 50 mm with orifices decreasing in downstream direction from 5.3 mm to 3.9 mm.
We note that this design is similar to that published earlier in ref. 27. The present lens sys-
tem yields an optimum transmission range between 70 nm and 300 nm, where the maxi-
mum of particles is detected at sizes of 200 nm at an air flow of 0.37 L min-'. The pressure
at the exit of the aerodynamic lens is typically of the order of 0.1 mbar. The focused aero-
sol beam is transferred into the scattering chamber via a triple differential pumping stage.

The scattering chamber is kept under high vacuum during operation. The base pres-
sure in the scattering chamber is ~10-8 mbar, it increases to ~3 x 10-7 mbar during the ex-
periments. The particle beam has in the scattering chamber a diameter of <500 ym. It is
crossed in the middle of this chamber by monochromatic synchrotron radiation from the
UE49/2-PGM1 and UE52-SGM beam lines at the storage ring facility BESSY (Berlin,
Germany). The typical energy resolving power (E/AE) of these undulator beam lines is ap-
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Fig. 1 Size distribution of variable size silica nanoparticles: (A) 150 nm; (B) 200, and (C)
250 nm. The size distributions are either probed by monochromatic synchrotron radiation
(E =85¢eV, A =14.59 nm, 17° scattering angle) in a nanoparticle beam (full curves) or by a
condensation particle counter (dotted curves).



proximately 104, where the photon energy range between 80 eV and 150 eV is covered.
This is suitable to excite the valence continuum below the Si 2p-edge as well as the Si 2p-
continuum. The size of the monochromatic synchrotron radiation in the scattering center
depends on the size of the exit slit of the monochromator. Typical values are 17 ym x 60
um for large scattering angles >6° and 17 x 6 ym for 4°-6° scattering angles, where the
slits are narrowed in order to avoid saturation of the detector due to strong forward scatter-
ing and the primary beam of synchrotron radiation.

The scattered radiation from free silica particles in a high vacuum surroundings is de-
tected by a Csl-sensitized microchannel plate detector, which is mounted behind a variable
size slit. We have used for the present experiments a slit width of 1.3 mm, where the dis-
tance between the scattering center and the detector is 65 mm. This yields an angular
resolution of 1.15°. In this study, the detector is moved in the polarization plane of the
linearly-polarized synchrotron radiation by using a stepping motor in the range of scatter-
ing angles between 4° and 100°, where the precision of the angle is +0.1°. The absolute
scattering angle is calibrated by the particle beam impinging on the detector, providing a
distinct signal at 90° scattering angle (Fig. 2), which is similar to previous work.[9] Note,
that the detector can be mechanically adjusted to values between forward scattering, cor-
responding to 0°, and a 150° scattering angle. This detector can be replaced by a total
electron yield detector, which allows us to measure near-edge spectra of free nanoparti-
cles.
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Fig. 2 Angle-resolved scattered light intensity in a logarithmic scale of 200
nm sized silica nanoparticles probed at 150.0 eV photon energy. The
sharp maximum at 90° is a result of the particle beam hitting the detector.
See text for further details.



The experimental setup is used for the following experiments:

(i) Angle-resolved elastic light scattering provides specific information on the light scatter-
ing patterns in the regime of element-selective inner-shell excitation.

(il) Spectroscopic experiments have been performed, where the photon detector is placed
at a given scattering angle while scanning the photon energy near core level absorption
edges.

The present work is focused on the Si 2p-regime, which is well-known from studies on
macroscopic samples.[20,23,24]

3. Results and discussion

Fig. 1 shows a comparison of the particle size distribution recorded at different detec-
tion schemes: (i) use of a condensation particle counter (Fig. 1, dashed curves) and (ii)
scattered light intensity of E = 85 eV photons (A = 14.59 nm), as recorded after aerody-
namic focusing, where the photon detector is placed at 17° scattering angle (Fig. 1, full
curves). This photon energy is located below the Si 2p-edge. The scattering angle is well
within the cone of forward scattering, as can be seen from Fig. 2, indicating that the scat-
tered light intensity is preferentially due to elastic light scattering from particles. This is
similar to previous work using VUV radiation.[9] Note that the dynamic range of the scat-
tered light intensity covers about five orders of magnitude, as shown in Fig. 2. This is
about three orders of magnitude higher than in previous work.[9] The main difference com-
pared to ref. 9 is that smaller scattering angles are accessible in the present setup. These
contribute to a massive increase in scattered light intensity at low scattering angles. Fur-
thermore, the Mie size parameter x is substantially increased by a factor of ~8 in the pre-
sent work, which is a result of shorter wavelength excitation (8.2 nm < A < 14.6 nm) com-
pared to recent results.[]9 Specifically, in the case of particle sizes under investigation in
this work, we derive 32 < x < 54. Note that x would be <1.5 in the visible regime, where
most light scattering experiments are performed.

The size distributions shown in Fig. 1 probe particles as well as their aggregates. The
present results indicate that the method of particle preparation is a sensitive parameter.
The results obtained from the use of the condensation particle counter show that singly,
doubly, and with minor intensity triply charged particles occur (dashed curves in Fig. 1).
Besides isolated particles, one also observes aggregates of nanoparticles, which occur at
larger sizes than the singly charged ones. The relative intensity of these aggregates is of
the order of 20%. This is substantially less than observed in previous work.[9] Aggregates
of nanoparticles are formed if the particles already stick together in the liquid dispersion
used to produce aerosol particles, or more than one particle is contained in a liquid aerosol
droplet. The latter is easily avoided by diluting the suspension that contains the particles.
The present results clearly indicate that the fraction of aggregates is substantially de-
creased if the scattered light intensity is used for probing the particle size. Evidently, this
finding is a result of the transmission function of the aerodynamic lens, which is slightly dif-
ferent in design compared to earlier work.[9] The present suppression of aggregates is ad-
vantageous for the analysis of light scattering data, since the formation of aggregates is
known to change the light scattering patterns.[9,17] Thus, such corrections are not needed
in the present work, so that we may safely assume that we are preferentially studying iso-
lated silica nanopatrticles at low charge states.
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Fig. 3 Dependence of the normalized scattered light intensity from vari-
able size silica nanoparticles at different photon energies E as a function
of the scattering wave vector g: (a) E = 107.2 eV, (b) E = 150.0 eV. The
experimental data (solid lines) are compared to model results, as indi-
cated by dashed curves (for further details: see text and eqn (3)). The re-
sults are compared to a Mie model for a perfectly smooth 250 nm SiO2
particle (dotted curve at the top of each plot). The position corresponding
to the total external reflection angle is indicated by an upward arrow. The
curves are vertically displaced in order to visualize changes in shape.



The raw data of the scattered light intensity are shown in Fig. 2, where highest intensity
is observed at low scattering angles. Alternatively, the scattered light intensity can be plot-
ted as a function of the scattering wave vector g, as shown in Fig. 3. The scattering wave
vector is given by g = 4ri\-1 sin(6/2), where A is the wavelength of the radiation and 8 is
the scattering angle. This presentation of the experimental results is similar to earlier work
of Sorensen and Fischbach,11 who have used the dimensionless product gR.

Fig. 3 presents the experimental results along with fits of the g-dependences of the
normalized scattered light intensity of differently sized SiO- particles recorded at 107.2 eV
and 150.0 eV photon energy, respectively. The lower photon energy is located in the Si 2p-
near-edge regime, whereas the higher one corresponds to the Si 2p-continuum. The
dashed curves result from calculated results, where the transmitted part of scattered radia-
tion is calculated in the framework of Mie theory by using the program package
MiePlot.[2,6,9] This requires to use proper values of the refraction and absorption coeffi-
cients, as obtained from reflectivity measurements on thin SiO: films.[24] A comparison of
the experimental results with a simulation that considers exclusively Mie scattering (see
dotted curve at the top of each plot shown in Fig. 3) indicates that there are distinct differ-
ences as a function of g. We conclude from this, that Mie-scattering cannot be exclusively
used to model the experimental results over the entire range of q. This is specifically evi-
denced by a distinct minimum, which occurs near g = 0.43 nm-1 at E = 107.2 eV and near
g=0.55 nm-" at 150.0 eV in the experimental curves, as shown in Fig. 3.

Mie theory predicts that the distinct minimum should occur at a scattering angle of 90°,
which corresponds to g = 0.77 nm-1 at 107.2 eV and g = 1.07 nm-' at 150 eV, respectively
(cf. dotted curves in Fig. 3). This is unlike the experimental results. At a first glance one
might assign this discrepancy to a strong increase in the phase shift parameter p, leading
to a violation of the Rayleigh—Debye—Gans (RDG) theory, which requires that p <1 and In
— 11 < 1, respectively.[2] The phase shift parameter p is expressed by p = 2koRIn — 11, (see
ref. [11] for details), where ko = 21VA is the wave vector of the incident wave, R is the parti-
cle radius, and n is the refractive index of the sphere. In the present case, using e.g., E =
150 eV, R =125 nm, and n = 0.98, we derive the phase shift value of p = 7.6, which brings
us to the intermediate regime between the applicability of RDG theory and anomalous dif-
fraction.

Thus, one possibility to rationalize the deviation of the first, strong Mie minimum in the
experimental scattered light intensity as a function of g, shown in Fig. 3, could be found in
an unexpected strong change in refractive index n in the surface region. A possible origin
of such a change might be found either as a result of surface contamination or a strong
structural change in the surface layer. However, attempts to fit the g-dependence of Mie
scattering to the simple model of a coated sphere, by considering either surface contami-
nations or a rough surface of coated spheres, failed. This is because one obtains from
such fits unrealistically high values for the index of refraction, which range between 1.7
and 2.5. Therefore, we discount this assignment. Further, additional fits to the experimen-
tal results using pure Mie theory by varying the index of refraction of the spheres, which
are different from published values,[24] also failed. They give similarly large values of n ==
1, which is unlike the published values ranging between 0.97 and 0.99 in the energy re-
gime under investigation.[24]

A meaningful and correct fit of the experimental results is only achieved by considering
strong reflectivity attenuation of the incoming beam from a rough surface of SiO, as will
be outlined below. As a result, the expression for the detected scattered light intensity con-
tains two parts, one coming from the Mie scattering from an ideal sphere and the other one
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Fig. 4 Schematic presentation of the scattering geometry. The edge of the
diffusely scattered beam reaching the detector at the scattering angle £/ is
indicated by a coarsely dashed arrow.

is due to changes in reflectivity caused by a rough and graded surface, yielding fes = fideals.
cat + A len. The scattered part for perfect spheres fdeas, results from Mie calculations using
the tabulated values of the highly dispersive extinction coefficient, corresponding to n and
k (see ref. 24) and by taking into account the experimental particle size distribution, which
is derived from the present experiments (see below). The change in the reflective part is
modelled by a combination of diffuse Ruix and specular reflectivity Rspec. The relative inten-
sity of reflected radiation / = Ruin/(Rairr + Rspec) iS corrected for the attenuation due to the ex-
perimentally estimated surface roughness o. We use for o typical experimental values,
ranging between 1 and 2 nm,[24] which is added to the ~20 nm thickness of a radial den-
sity gradient layer. Such a layer may, at least in part, result from residual solvent on the
particles. This appears to be plausibe, as the particles are transferred within 5 to 10 s from
the liquid phase into the high vacuum chamber, where the scattering process occurs.
Therefore, it is likely that some solvent remains on the surface. Such a change in reflected
light is treated in the framework of geometrical optics, since anomalous diffraction can still
be ignored at p = 7.6.[28] The consideration of diffuse reflection is applicable to the present
case, since particle diameters in the range of 150-250 nm are much larger than the wave-
length, which is of the order of 815 nm.

According to van de Hulst,[28] the scattering patterns of small spheres with elements
obeying the Lambert law of diffuse reflection can be calculated by using the theory of



Schoenberg.[29] We show in Fig. 4 the geometry of diffuse reflection, which is discussed
below in greater detail.

The experimentally detected phase shift observed in Fig. 3 is related to the phase shift
across the spherical particle in Mie theory (p = 2koRIn — 1/),[11] as mentioned above. We
have included the anisotropy of the scattering angle 6 in the Gaussian power spectral
density function of the surface roughness by using the correlation function g(k):

g(k) ~ ma%(2R)? exp <— [2koR|n — 1] cos 0]2> = o? exp (— [p cos 0]2)

Here, 2RIn — 1lcos 8 is the optical path difference through the sphere along 6 (cf. ref.
28 and 30) and the correlation length is taken to be 2R, corresponding to the particle di-
ameter. Note that egn (1) represents an empirical approximation of the exact solution for
calculating the reflectivity of a rough surface using the values mentioned above. This also
requires the use of results from ref. 30, where the integration over the illuminated surface
of a spherical SiO: particle has to be taken into account.

In the schematic presentation shown in Fig. 4, a surface element dS reflects the flux ~
cos(a)dS/mt per unit solid angle in the direction of a given angle a relative to the surface
normal. By integrating over all angles up to the shadow and using the attenuation weight
given by eqgn (1), we estimate the contribution of the diffusely scattered light:

Raig ~ 7'('0'2(2R)2 exp (— [p cos 9]2> [sinf + (m — ) cos 0] e

The contribution of specular reflectivity Rspec is considered for a comparison by the
Fresnel formula for parallel polarized light[31]

R __ |€cos a—(e—sin? a)'/?
spec € cos a—(e+sin? a)1/2 (3)

where the notation of ref. 24 is used with € =1 — &1 + ie2 = (n + ik)2. €1 and €2 corre-
spond to the real and imaginary parts of the dielectric constant, respectively. Further, n and
k represent the real and imaginary parts of refractive index, and a is the angle relative to
the normal. In general, it is not possible to distinguish quantitatively between the contribu-
tions from specular and diffuse reflection, simply by fitting the experimental curves. How-
ever, one important observation in the region of small values of q is deduced from the
curve fits, as shown in Fig. 3: there is a clear step visible near g = 0.1 nm-'. Specifically,
this feature occurs at g = 0.12 nm-' in the case of 250 nm particles studied at E = 150 eV
(see arrow in Fig. 3(b)). This feature is quite close to the calculated value of acit = 80.8° in
total external reflection using the realistic value of nsic. = 0.987. Thus, we assign this dis-
tinct step in the experimental results to total external reflection. Note, that the expression €
— sin2a in the numerator of Rsec in eqn (3) is mainly governed by absorption at a = Qcrit.



This correlates well with the step in the experimental curves, as indicated by the arrow in
Fig. 3(b). One can also see from Fig. 3 that all experimental curves are successfully repro-
duced by the model outlined above reaching down to small glancing angles, which corre-
spond to small values of q. These are close to the critical angle acit. Interestingly, there is
no such feature modelled for the pure Mie scattering part in this regime of g. However,
there is a similar feature that occurs as a low amplitude wiggle in the Mie scattering at
somewhat smaller g (see Fig. 3). The absence of the experimentally observed shoulder in
Fig. 3 in the theoretical curve at low g values (g ~ 0.1 nm-) is evidently related to TER, ac-
cording to Fresnel formalism shown in eqn (3). The occurrence of this feature at lower val-
ues of g compared to the experimental results is likely a result of limitations of the present
model, which may be improved by using the approach outlined in ref. 30.

The expected values for 2RIn — 11 for the given photon energies and particle sizes are
ranging between 1.7 and 3.5. Consistently, the values extracted from the fit to the experi-
mental data shown in Fig. 3 are observed in the value range between 1.9 and 3.0. This
agreement indicates that the only adjustable parameter in our model is the fraction of the
incoherently reflected light, which is due to the surface roughness and radial density gra-
dient of residual solvent, as discussed above. Note, that the exact modelling of the theory
outlined in ref. 30 would even make this single fit parameter superfluous. Similarly, there
are small but detectable differences in particle size-dependent phase shifts. These are
found to be smaller than expected from the definition of the phase shift p. Evidently, the
deviations from RDG theory, which are solely a function of gR, are not too strong. At the
same time the size of the particles does not affect their roughness, indicating that the
roughness remains a constant quantity.

The position of the broad minimum mentioned above evidently depends on the particle
radius. Fig. 3(a) and (b) indicate that the broad minimum is well modelled by the present
approach and the position of this minimum is shifted by a factor of ~1.5 to larger values of

g when changing the particle size from D = 150 nm to 250 nm. This difference in energy-
dependent shift of the minimum is at a first glance somewhat unexpected, since g scales
with the photon energy E and will lead to a constant value of the minimum in the scattering
curves as a function of g. A plausible reason for this discrepancy with the experimental re-
sults is found in the energy dependence of the index of refraction. Specifically, one derives
from ref. 24 that In— 1l = 0.011 at E=107.2 eV and In— 11 =0.014 at E = 150.0 eV, re-
spectively. The position of the minimum scales with the product |In — 1lcos 8, which indi-
cates that this feature should be found at larger values of g, when the photon energy is in-
creased. This is in full agreement with the experimental results shown in Fig. 3.

Another presentation of the experimental results, that has been suggested before,[11] is
to plot the scattered light intensity over the dimensionless parameter gR. This yields power
laws, as shown in Fig. 5, where the slopes are indicative for the properties of the scattering
process. One expects to obtain from this approach for systems, which slightly deviate from
RDG theory, slopes of (gR)2[11] These have to be followed by a (gR)* Porod law at
higher gR values.[11] We show in Fig. 5, as one typical example, such a plot, which is re-
corded at E = 150 eV using 250 nm silica particles. We show also for comparison in Fig. 5
results from Mie simulations of a sphere (dotted curve in Fig. 5), yielding a (gR)-2 depend-
ence. The same slope can also be rationalized by connecting neighboring Mie maxima, as
indicated by the dashed line in Fig. 5. There is, however, a distinct (gR)* dependence in
the present results shown in Fig. 5. This is assigned to the occurrence of a gradient of a
smoothly decreasing scattering intensity of ~30 nm thickness in the surface region of the
particles, similar to the discussion given in ref. 22).
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Fig. 5 Scattered light intensity from 250 nm SiO: particles at 150.0 eV
photon energy as a function of the dimensionless parameter gR (full
curve). Slopes corresponding to (gR)2 and (gR) are indicated by dashed
lines. The dotted line is obtained from a Mie model of a perfect sphere.

Expulsion of the electromagnetic field to the boundary of spherical particles is another
important aspect to be considered.[32] In the photon energy range of this study (85-150
eV), in which the incoming photon wavelength A is by about one order of magnitude
smaller than the particle size, the electromagnetic field is predominantly localized in the
region close to the surface. The thickness of this surface layer accounts for ~20% of the
particle radius.[32] This implies that contributions from the particle core to the elastically
scattered light intensity can be neglected. As a result, the relative importance of the sur-
face contribution and the sensitivity to surface properties of free nanoparticles probed by
the reflected light is significantly enhanced in the soft X-ray regime. This supports our con-
clusion that the (gR) regime shown in Fig. 5 comes from the density gradient of the sur-
face layer, which is most likely dominated by residual solvent.

The Si 2p near-edge regime of various SiO2 polymorphs as well as amorphous SiO»
have been studied before.[23] The features occurring in the near-edge regime (NEXAFS)
of 150 nm silica nanoparticles are shown in Fig. 6, which are in agreement with earlier
results.[20,23,24] Details on the spectral assignments of the near-edge features can be
found in these previous works. Additional experiments indicate that the near-edge spectra
of differently-sized silica particles do not show any particle size dependence. This is quite
expected, since the local surrounding near the absorbing Si sites is probed, which evi-
dently does not change in the regime of nanoparticles. Fig. 6 also shows the scattered
light intensity in the Si 2p-regime recorded at different scattering angles. The photon en-
ergy scale and the spectral shape of both reflection and absorption appears to be in gen-
eral agreement with previous results.[20,23]
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Fig. 6 Dependence of the normalized scattered light intensity from vari-
able size silica particles on the incident photon energy E in the Si 2p-
regime (full curves): (a) 18° scattering angle, (b) 23° scattering angle. The
dashed curves correspond to the modelled spectra using a pure Mie
model including the size distributions compiled in Table 1 along with the
optical constants taken from ref. [24]. The near-edge spectrum (NEXAFS)

at the top of the Figure is obtained from total electron yield measurements
of 150 nm silica particles.




Simulations of the energy scans of the scattered light intensity are also shown in Fig. 6
(dashed lines), where a pure Mie model[2,6] is used. The applicability of this approach is
justified for the regime of large scattering angles 6 = 18°. This is because the Mie model
yields reasonable agreement with the experimental results at sufficiently large g-values,
which are above the distinct step, that is discussed above in terms of TER, and below the
broad minimum (cf. Fig. 3). The fine structure in the 100-125 eV regime, corresponding to
the highly dispersive part of the complex refraction index, taken from ref. [24], is well re-
produced by the present model results on variable-size nanoparticles. However, the results
shown in Fig. 6 indicate that there are significant deviations from the Mie model, especially
below 90 eV. These deviations from the Mie simulations to experimental spectra can be
either attributed to diffuse scattering from a surface layer of the remaining solvent or to the
lack of further corrections given in eqn (2), as well as previous work.[30]

Fitting the experimental energy scans in the Si 2p-regime to Mie theory is found to be
sensitive to the SiO: particle size distribution in the nanoparticle beam (cf. dashed curves
in Fig. 6). This is similar to recent results recorded in the valence regime, where it is found
that Mie oscillations smear out with increasing the size distribution.[9] Fig. 7 clearly shows
how sensitive the size distribution changes the photon energy dependencies, by using dif-
ferent log-normal size distributions for the D = 250 nm sample. This represents an arbitrar-
ily chosen example, where the scattered light is detected at 6 = 23°. Best agreement is
observed for these conditions at 4.6% size distribution (Table 1), whereas monodisperse
particles (0% size distribution) also show distinct oscillations in the pre-edge regime.
These are evidently not observed in the experimental results. Such oscillations smear out
with increasing size distribution and the narrow features near 105 eV start to sharpen up,
as is observed in the experimental spectrum (cf. Fig. 6). Increasing the width of the size
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Z .
=
e
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2
Z
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04 0%
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Fig. 7 Mie simulations for a SiO2 sphere (D = 250 nm at 23° scattering an-
gle 8) in the Si 2p-regime of variable size log-normal distributions, as indi-
cated. The size distribution of 0% corresponds to monodisperse particles.



distribution to larger values beyond the best fit to the experimental results indicates that
there are less significant changes than those observed for narrow size distributions (<4%).
There are, however, characteristic changes in amplitudes of the spectral features, as is
evident from a comparison between a 4% and an 8% distribution, indicating that an 8%
size distribution is too wide. A comparison with previous work on amorphous SiO: [24] indi-
cates that the clearly split feature near 105 eV, as shown in Fig. 6, also occurs. It is similar
in shape as observed from the size distributions, whereas the monodisperse particles indi-
cate no such splitting, as observed from Mie simulations (cf. Fig. 7, bottom trace). Clearly,
this similarity in spectral shape indicates that these are not unique. The major difference
between the particle size distributions shown in Fig. 6 and the amorphous films (cf. ref.
[20]) is the significantly different scattering angle: a small scattering angle of ~0.6° from the
solid yields a similar spectral signature to the present particle distributions at considerably
larger scattering angles.

Table 1 Log-normal particle size distribution as obtained from a fit to the Mie model from
the energy resolved experiments shown in Fig. 6

Nominal diameter D/nm |Center of size distribution/nm |Width of size distribution (in %)
150 147 71
200 192 50
250 240 46

The resulting log-normal distributions of the particle sizes that are used to fit the results
shown in Fig. 6 are compiled in Table 1. These are consistent with the TEM and DMA re-
sults discussed above, indicating that size distributions can be sensitively and reliably de-
rived from the scattered light intensity in the near-edge regime. The data shown in Table 1
also indicate that the relative widths of the distributions decrease as a function of particle
size, which is consistent with earlier work[9] and results from electron microscopy.[26]

4. Conclusions

It is shown that properties of isolated nanoparticles are sensitively probed in the soft X-
ray regime. This is accomplished by studying a free nanoparticle beam containing variable
size silica particles in the Si 2p-regime (85-150 eV). Angle-resolved light scattering pro-
vides detailed information on the scattering mechanisms, which contribute to the inner-
shell excitation regime. The present results indicate that Mie scattering cannot fully explain
the angle-resolved scattered light intensity. A simple model is developed, which considers
the surface roughness, total external reflection, and specular reflection. It allows us to fit
the experimental results and to rationalize distinct deviations from Mie theory. The present
results clearly show evidence for the surface sensitivity of the present approach.

Energy scans near the Si 2p-edge at a fixed scattering angle show size-effects of the
scattered light intensity. This provides a sensitive measure for both the size as well as the
size distribution of free nanoparticles. The results are consistent with other approaches of
particle size determination.

The present results indicate that inner-shell excitation has the potential to provide a
sensitive probe for size effects in nanoscopic matter. Specifically, it is anticipated that sur-



face properties of free variable size and surface functionalized nanoparticles can be selec-
tively probed by element-specific core level excitation and elastic light scattering, which is
the subject of ongoing work.
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